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I 
Abstract 
Silicon dioxide (SiO2) is a common support for studying two-dimensional materials 
and creating devices from them. However, graphene conformation to SiO2 roughness 
worsens the electronic properties, whereas graphene deposited on flat terraces of 
insulating mica is free of ripples. This thesis solves key challenges in the use of mica 
to support mechanically exfoliated graphene. 
Methods of mica cleavage and graphene exfoliation, and settings for electron 
microscopy, atomic force microscopy (AFM) and Raman spectroscopy were 
developed. 
Vacuum annealing was compared for graphene samples of different thicknesses, down 
to a single layer. Pre- and post-annealing, graphene on mica provided defect-free 
graphene and no observable strain or doping. In contrast, graphene on SiO2 showed 
disorder before annealing. Annealing up to 300°C reduced the Raman defect peak but 
did not remove it. Above 300°C, the defect peak increased. 
Graphene on SiO2 appeared to become ‘invisible’ with AFM after annealing at 500°C, 
in line with previous observations with scanning electron microscopy. Other studies 
attributed this to the graphene being removed, but, here, using substrate markers, 
Raman spectroscopy and line-averaged AFM showed that the graphene was still 
present but had conformed to the underlying roughness of the SiO2 so well as to appear 
nearly invisible. 
Mica annealed at 400°C showed the formation of potassium carbonate particles 
following dehydroxylation of the mica surface at a temperature lower than previously 
reported. In addition, the graphene appeared to act as a mask, protecting the mica 
underneath it while the surrounding surface was removed at 500°C. 
Patterning and etching mica are essential to create location grids and etch trenches to 
suspend deposited materials. The first patterning lithography recipe for mica was 
established herein using electron-beam lithography. Finally, mechanically exfoliated 
graphene was successfully transferred to the patterned mica and studied. 
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To study the physical properties of nanomaterials, they must be deposited onto a 
substrate material, barring a few exceptions. The substrate may be appropriate for 
utilising the properties of the nanomaterial in a device or be an idealised substrate for 
measurement purposes. In both cases, the substrate must structurally support the 
material over repeated investigations. 
Ideally, the substrate would not alter the properties of the nanomaterial, however, this 
is rarely the case. For example, the effect of growing aluminium nanoparticles (Al 
NPs) using Electron-Beam Physical Vapor Deposition (e-beam PVD), then 
performing thermal annealing on substrates of indium tin oxide (ITO) and silicon (Si), 
has been investigated [1]. In this study AFM topography images of annealed 
aluminium films on Si substrates presented a formation of aluminium nanoparticles, 
contrary to the aluminium films on indium tin oxide substrates where non-uniform 
flakes such as aluminium nanostructures were observed. With similar thermal 
annealing applied to these two substrates, formation of Al NPs appeared uniformly on 
the silicon due to better adhesion, whereas Al tended to reject adhesion with indium 
tin oxide and melt on the surface. It is assumed that there is more interaction between 
Al NPs and Si substrates because the interacting materials tend to decrease the free 
surface energy, leading to uniform formation of the Al NPs. Therefore, different 
surface energies of the substrates used affect the nanomaterials differently. 
In another example, the structural properties of magnetron sputtered films of alloyed 
zinc oxide and gallium nitride (ZnO)1-x(GaN)x deposited on different substrates of 
sapphire, zinc oxide and silicon oxide were investigated as a function of strain 
accumulation and post-deposition annealing [2]. Structurally, the thin alloy films that 
were deposited on quartz and c-sapphire substrates yielded the highest tensile strain 
compared to the films deposited zinc oxide. The alloy films were deposited on the c-
sapphire, zinc oxide (O-faced) and quartz substrates, with a lattice-mismatched, 
lattice-matched and amorphous substrate, respectively. The films were also annealed 
after deposition to study the effects of thermal treatment. During the annealing process, 
the overall quality of crystalline films was found to increase and lower the tensile strain 
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of the films. This result indicated that the tensile strain in the films strongly depends 
on the type of substrate used. 
Moreover, the nanostructure and preferential orientation are sensitive to the substrate 
surface. For example, non-conductive films of cadmium telluride nanoparticles (CdTe 
NPs) were deposited on crystal quartz and amorphous glass, on transparent conducting 
films of fluorine-doped tin oxide and indium tin oxide (ITO), and a metal substrate of 
silver. [3] The grain size of preferential orientation changed from 111 to 220 for non-
conducting substrates and conducting substrates, respectively. In addition, the energy 
band gap results of CdTe thin films indicated the impact of the substrates’ conductivity 
on the increase of the direct energy band gap. 
In traditional semiconductor devices SiO2 is the most-used dielectric and has typically 
been used as insulating support for studying the electrical properties of graphene [4]. 
When graphene is deposited on to patterned Si/SiO2 substrates, it is always annealed 
before vacuum investigation to remove contamination. However, our findings showed 
that this annealing step causes the graphene on the SiO2 to conform structurally to the 
underlying roughness, altering its appearance in scanning electron microscopy and the 
disorder measured with Raman microscopy [5]. In addition, graphene fabricated on 
SiO2 substrates demonstrated worse electrical performance than theoretical 
predications, due to charge carrier scattering from defects and substrate surface 
roughness [6–8]. This has driven the interest in alternative substrates for the electrical 
characterisation of nanomaterials [9–11]. 
To repeatedly study the same nanostructure among different instruments, it must be 
possible to locate the same structure across the length scales used by different 
instruments. Typically, substrates are patterned with guidelines and index markers to 
achieve this. Substrates could also be patterned to create voids and cavities over which 
nanomaterials can be suspended to assess vibrational properties or deflection 
characteristics thereof. 
All of these complimentary, and occasionally competing, requirements place 
significant demands on fabricating substrates suitable for the study of nanomaterials. 
This has led to the search for alternative support materials including mica. The 
properties of mica are discussed later in chapter three, but briefly, they relate to an 
aluminosilicate that belongs to the clay minerals family. The material is made up of 
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atomic terraces that naturally emerge when the crystalline material is cleaved. Mica 
has been used widely as a standard atomically flat substrate in scanning probe 
microscopy (SPM) to image materials due to its flatness, ease of cleaving, and 
transparency. In addition, mica has a high electrical resistivity and thermal stability, 
high dielectric strength 0.1–1 volt per nanometre (V/nm), low power loss and large 
bandgap 10.50 eV [12]. Therefore, mica is a promising insulating material used in 
high-temperature environments and high electric fields. Moreover, it has a dielectric 
constant of 6.4–9.3, nearly twice that of traditional SiO2 and h-BN [13, 14]. Mica has 
attracted attention due to improved charge homogeneity, lower roughness, and the 
enhanced carrier mobility of graphene supported on mica substrates. In particular, the 
morphology of graphene is free of ripples when deposited on atomically flat substrates 
of mica [9]. Mica substrates not only provide an atomically flat supporting platform 
for graphene with reduced thermally induced intrinsic ripples, but also open the 
opportunity of gate dielectric downscaling for mica-based Field Effect Transistors 
(FETs) because of their high dielectric strength and high dielectric constant [15]. 
In this thesis, mica is investigated as a candidate substrate for the study of graphene. 
The properties of annealed graphene on a flat substrate such as mica are not fully 
understood. It is compared against SiO2 as the leading alternative electrically 
insulating substrate and the effects of processing the graphene and substrates are 
considered. 
The ability to etch patterns into the mica substrate is also critical, to mark positions 
and identify locations of samples, and to etch the voids necessary to create the 
suspended graphene often used in sensing and Micro Electro-Mechanical System 
(MEMS).  However, very little work has been done on lithographic techniques and 
etching mica, and no recipe exists for electron beam lithography of mica.  This will 
also be investigated in this thesis. 
1.2 Thesis structure 
In chapter two, a brief description of the different techniques is outlined including 
Raman spectroscopy, scanning electron microscopy (SEM), atomic force microscopy 
(AFM), and electron beam lithography (EBL). In addition, the principles of operation 
and general components of each technique are briefly discussed. 
4 
 
Chapter three includes two sections. Firstly, it describes the graphene structure and 
properties, including graphene morphology and applications, and addresses and 
reviews the most common methods for fabricating graphene and producing devices. 
Secondly, it provides an overview of the mica structure, followed by its properties, 
and finally its applications. 
Chapter four presents the results of the testing method for preparing mica and graphene 
deposition. Different cleaving methods are tested on mica and its surface after varying 
the environmental conditions. In addition, the mechanical exfoliation of graphene on 
mica is tested using different techniques. A comparison of imaging techniques for few-
layer graphene on mica is performed, including optical microscopy, AFM, and SEM. 
Since graphene is not only deposited on mica substrates but also on SiO2 for 
comparison purposes, this chapter further reports on thermal oxidation experiments 
that were carried out to make the SiO2 layer with different oxidation growth thickness. 
Finally, SEM settings were tested for imaging samples. 
Chapter five demonstrates the effect of thermal annealing and substrate morphology 
on mechanically exfoliated graphene properties on SiO2 and mica substrates with thin 
and thick graphene sheets. The investigation into the disorder in graphene is 
characterised using SEM, Raman spectroscopy, and AFM. 
Unlike SiO2, mica was found to degrade during the high-temperature vacuum 
annealing stages usually used to clean samples on SiO2. Chapter six investigates the 
behaviour of non-patterned bare mica following variable temperature vacuum 
annealing. 
No method has to date been reported for patterning mica substrates using e-beam 
lithography. This approach is investigated and discussed in detail in chapter seven. At 
the end of this chapter, work on graphene layers suspended over voids on a mica 
substrate using e-beam lithography are reported. These are characterised by different 
techniques, including optical microscopy, AFM and SEM.  
Finally, chapter eight contains the conclusion where all results and achievements of 
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Many different experimental techniques are required to characterise the properties of 
graphene samples and substrates. Optical microscopy is widely used to monitor 
graphene sheets under ambient conditions. However, with the wavelength of visible 
light from 400 to 700 nm, the diffraction limit is a critical factor that limits low-
dimensional investigation. As a result, other methods with higher spatial resolution, 
down to the nanoscale, are required to analyse the graphene samples and substrates in 
more detail. 
This thesis analyses the graphene samples using several techniques. First, SEM is used 
to assess the morphology of the graphene layers and differentiate between the 
thickness of the graphene sheets through contrast differences, as well as identify folds 
in the transferred graphene film. Second, AFM is used for topographic measurements 
to estimate the number of graphene layers in the samples and to measure substrate 
roughness. The quality and thickness of the samples are determined using Raman 
spectroscopy. Raman is also used to investigate the effects of both substrates and 
thermal annealing on the graphene samples of several thicknesses by the associated 
defects induced in the graphene. Finally, electron beam lithography is used to pattern 
the mica substrate.  
This chapter briefly discusses the operating theory and basic components of each 
technique. 
2.2 Scanning electron microscopy 
SEM offers significant advances in the characterisation of the micro-structure. SEM 
was developed through the 1930s and 1940s, with the first commercial scanning 
electron microscope produced after many developments of the instrument in 1965 by 
the Cambridge Instrument Company [1]. 
SEM is a surface examination device that uses incident electrons and an electron 
detector to achieve very high resolutions and depths of focus. It fundamentally consists 
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of four basic parts, including an electron optical system, specimen chamber, detection 
system, and display system. First, the source of electrons is produced from the electron 
gun, being either a field emission gun (FEG), a thermionic gun, or a Schottky gun [2]. 
The positive charge anode, which is close to the emitter, then accelerates the electrons 
that form the beam to pass through the column down to the specimen. The beam of 
electrons passes through the condensing lens along the axis of the column as shown in 
Figure 2.1. The function of these lenses is to focus the beam into a fine pencil beam 
with a diameter of up to 10 nm. The fine beam of electrons this produces is scanned 
across the surface of the specimen. During this process, the electrons of the beam 
interact with the specimen and give rise to primarily secondary electrons that are 
detected to form the image. 
In addition, backscattered electrons and x-rays are also emitted when the incident 
electron beam interacts with the specimen. In the normal mode of operation, the 
secondary electrons are collected through a positively charged Faraday cage detector. 
SEM has coils that scan the concentrated electron beam in both the Y and X directions, 
as well as to change the scanned area, defined by the ratio of image area width to the 
beam scan width over the sample. 
 
Figure 2.1: Schematic representation of the basic components of an 
SEM microscopy 
In addition to being extensively used to locate graphene sheets, SEM is used to detect 
folds and discontinuities on different substrates in transferred or manufactured 
graphene films. According to the literature, SEM contrasts can distinguish between 
9 
 
graphene sheets with different or altered thicknesses based on the contrast [3-5]. In 
this study, a Hitachi S-4800 field emission SEM is used. It allows an accelerating 
voltage from 0.5–30 kV with resolution down to 1 nm. Exact settings are tested and 
evaluated in Chapter four. 
2.3 Atomic force microscopy (AFM)  
AFM was invented by Binning, Quate, and Gerber in 1986 to overcome the difficulties 
of measuring non-conductive materials using scanning tunnelling microscopy (STM) 
[6]. For this reason, it is becoming the chosen tool for scientists interested in physics, 
chemistry, and biology throughout the world. 
AFM operates by scanning a very sharp tip attached to the end of an oscillating 
cantilever across the sample (see Figure 2.2). The cantilever is usually manufactured 
from silicon nitride or silicon with a tip radius of curvature on the order of nanometers. 
When the tip is brought close to a sample surface, forces between the sample and tip 
cause a deflection of the cantilever according to Hooke’s law. Generally, the deflection 
is measured by using a laser spot reflected from the top surface of the cantilever into 
an array of photodiodes [7]. 
 
Figure 2.2: Schematic representation of the main principles of AFM. 
Different modes can be selected for its operation, depending on the requirements, such 
as the non-contact mode, contact mode and tapping mode. 
2.3.1 Contact mode 
The tip of AFM stays in contact with a surface during scanning at very low force and 
its deflection is detected as it scans over the surface. This process provides accurate 







soft surface as the cantilever tip is in continuous contact with the sample, which may 
change both the resulting image and the properties of the material. 
2.3.2 Non-contact mode 
The AFM tip is not in direct contact with the surface of the material and it vibrates 
close to the surface with a frequency slightly higher than the resonance frequency of 
the tip. The oscillation amplitude of these vibrations is normally very small, being 
below 10 nm. When the cantilever retracts from the surface, the attraction of Van der 
Waals forces decreases the oscillation amplitude and the resonant frequency. 
Typically, this mode prefers soft material over contact mode because it does not 
degrade the surface. 
2.3.3 Tapping mode 
The cantilever tip oscillates at a resonant frequency as it scans the surface. When the 
tip starts to lightly touch the surface, a sensor reverses the cantilever to continue the 
oscillation. In this way, the tip does not continuously touch the surface to avoid any 
damage. However, because the cantilever is not continuously interacting with the 
surface, a method must be established to measure the differences in surface height 
because of changes in the amplitude of oscillation of the cantilever. Furthermore, when 
it encounters a strike on the surface, the amplitude of oscillation is decreased. 
Conversely, when the sample height reduces, the cantilever amplitude increases. By 
recording these changes, an accurate topographical map could be generated without 
causing any damage to the surface of the material. 
AFM has extensively been used to determine graphene film thicknesses through 
topographic measurements, as well as to investigate the mechanical properties such as 
intrinsic strength, spring constant, and Young’s modulus [8,9]. 
In this work, a Nanosurf Naio AFM under ambient conditions was used to demonstrate 
the morphology of graphene on SiO2/Si and mica to indicate the graphene number 
layer. Subsequently, Gwyddion software was used to analyse the AFM images of 
graphene and obtain the average profile line. AFM contact mode was used to measure 
the thickness of graphene to determine the number of layers in chapter five while 




2.4 Raman spectroscopy 
The phenomenon of inelastic scattering of light by matter was observed experimentally 
for the first time by Raman in 1928 [10]. In 1930, he won the Nobel Prize in physics 
for his work on the scattering of light. It relies on the interaction of light with the 
chemical bonds in a material. Raman spectroscopy is known to provide detailed 
information about molecular interactions, crystallinity, and chemical structure. 
The mechanism for Raman scattering depends on the change in rotation or vibration 
quantum states of illuminated molecules. For example, Rayleigh scattering occurs 
when light focuses on a sample and most of the scattering takes place elastically, 
without the loss of energy or change in frequency (see Figure 2.3). However, Raman 
scattering is caused by the inelastic scattering from incident photons where energy is 
transferred to, or received from, the material due to changes in the vibrational or 
rotational modes of molecules. This produces changed energy, and consequently, the 
frequency of the scattered light. It was observed that if the incident photon gives up 
energy to the atom, it is scattered with a red-shifted frequency called the Stokes shift 
(Figure 2.3). In addition, if the molecule is already in an exited energy state, where 
energy was given to the scattered photon, then the production has a blue-shifted 







Figure 2.3: Schematic representation of (a) Rayleigh and Raman 





Figure 2.4 schematically represents Raman spectroscopy (Renishaw) that contains 
three major parts, being a source, an analyser, and a microscope [12]. The source of 
the photon beam is a laser that is guided onto the sample by using microscope 
objectives, which also redirect the back-scattered beam to the spectrum analyser. This 
is used to measure the energy spectrum of the scattered beam. 
First, the photon beam (blue) passes through density filters that reduce the intensity of 
the received photon beam. Following this, it passes through a photon beam expander, 
which is a pair of lenses that have the responsibility of collimation of the photon beam. 
The expansion of the beam leads to a small laser spot focused on the material. 
Typically, a pinhole is located between the lenses of the expander which contributes 
to improving the image of the photon beam by converting a line laser into a spot laser. 
The photon beam is aligned using motorised and other mirrors that direct the laser 
beam onto the sample through the objective lens. The photon beam interacts with the 
atoms in the sample as mentioned above to generate the elastic and inelastic scattered 
photons. The objective lens used to focus the photon beam is also responsible for 
collecting the Raman and Rayleigh scattered signals. 
The scattered beam path (red) passes initially through directional optics, then through 
the edge filter that allows the scattered beam of Stokes and/or the Anti-Stokes Raman 
to transmit. It does this while blocking the Rayleigh scattered beam to ensure that the 
detector will not be damaged as the highest proportion of the photon beam results from 
Rayleigh scattering. After the edge filter, the lens focuses the Raman beam into the 
beam splitter together with another lens that is used to expand the beam. 
Both the edge filter and beam splitter can be accomplished with a single optical 
component named a dichroic mirror. The photon beam is collimated on a diffraction 
grating by reflection from the mirror and is thereafter refocused onto a charge-coupled 
device (CCD) sensor in the focal plane of the final lens. This sensor is used to convert 
the incoming beam into an electrical signal, as well as collecting counts between each 




Figure 2.4: Schematic representation of the Raman spectroscopy 
components [12]. 
2.4.1 Raman spectra for graphene 
Recently, many researchers have focused on Raman scattering studies for the 
investigation of several types of graphene samples. According to the literature, the 
number of layers of graphene was studied, with a special focus on the possibility of 
using the Raman spectrometer to distinguish a single layer from multiple layers of 
graphene stacked in the Bernal (AB) configuration. This confirms the importance of 
Raman spectra in studying and characterising graphitic materials. The Raman 
spectroscopy technique used for identifying the number of graphene sheets was 
established only for graphene with AB Bernal stacking. AB Bernal stacking features 
are layers of graphene where half of their atoms lie directly over the hexagon centre in 
the lower graphene sheet, and half of the atoms lie over an atom. In addition, Bernal 
stacked bilayer graphene displays much interest for both functional electronic and 
photonic devices as a result of the feasibility to continuously tune its band gap with a 
vertical electrical field. This type of sample is obtained from highly oriented pyrolytic 
graphite (HOPG) created by mechanical exfoliation [14]. 
The Raman spectra generated by sp2 nanocarbons are very rich and consist of many 
peaks induced by single- and multiple-resonance effects. The Raman features can all 
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be related to phonons in graphene, at the Γ point, inside the Brillouin zone and near 
the Brillouin zone boundary [15]. However, of all the peaks to appear in the Raman 
spectra of graphene, three principle bands convey most of the required structural and 
chemical information, being the G, D and 2D bands [16, 17]. Although some sources 
refer to the 2D band as G’ in the figures, all experimental work in this paper will 
identify the peak as 2D. 
 
2.4.1.1 The G-band properties  
The properties of the G-band have been summarised below [15]: 
1.  The G-band is the Raman signature for sp2 carbons and is shown as a peak (or 
a multi-peak feature) at about 1585 cm−1 for all sp2 carbon kinds (Figure 2.5). 
2. Uniaxial stretching of graphene splits the G peak into both G- and G+, which 
are associated with the atomic motion along, and perpendicular to, the 
stretching directions, respectively. Redshifts, both ω+G and ω
-
G, occur when 
the stretching increases (Figure 2.6). 
3. Temperature (T): usually, increasing T redshifts ωG. Different effects occur, 
such as changes in phonon-phonon coupling, the electron-phonon 
renormalisation, and ωG shifts due to thermal expansion caused by volume 
changes. The ωG shift with temperature has been used to determine the thermal 





Figure 2.5: Raman signatures from several types of nanocarbon 
material. From bottom to top : amorphous carbon, single-wall carbon 
nanohorns (SWNH) , damaged graphene, a single-wall carbon 
nanotube (SWNT) , highly oriented pyrolytic graphite (HOPG) and 
crystalline monolayer graphene. The term G’ band in this figure is 
referred to as the 2D band in this thesis [18]. 
 
Figure 2.6: The G-band split into G- and G+. As the strain 




2.4.1.2 The D-band properties  
The properties of the D-band have been summarised below [15]: 
1.  The D-band is produced by the disordered structure of carbon materials. The 
D-band occurs as a peak in the range 1250–1400 cm−1 (Figure 2.5). 
2. The D-band frequency: ωD has a peak at ~1350 cm−1 for Elaser = 2.41 eV. 
However, its frequency changes with the changing Elaser. 
3. The D-band intensity can be used to quantify disorder. Because of the difficulty 
in establishing an absolute intensity measurement in Raman spectroscopy, the 
normalised intensity ID/IG ratio is widely used to measure the amount of 
disorder. Although this ratio depends on the amount of disorder, it is 
independent of the excitation laser energy. 
2.4.1.3 The 2D-band properties 
The properties of the 2D-band have been summarised below: 
1. The D band is produced by the breathing modes of sp atoms and is activated 
by doubly resonant disorder. Consequently, it is a significant indicator of the 
sample quality. It disappears in defect-free graphene and graphite samples as 
mentioned above. However, the 2D peak is the second order of the D peak and 
is always present even when D band disappears, as no defects are needed to 
activate the second-order phonons. In some studies, the 2D band is also called 
the G band, due to it is the second-most distinguished band of graphene after 
the G band. The change of the positions and intensities of these bands is used 
to measure graphene properties, including thickness, structural deformation 
and doping. The Raman 2D band is considered to be very sensitive to the 
number layers of graphene. As well, the 2D band of single-layer graphene is 
very sharp and symmetric. The 2D band obviously becomes much broader for 
multiple and few layers as a consequence of the change in the graphene 
electronic structure [16]. 
2. The 2D band results from a second-order two phonon process observed in 
nanocarbon materials as a peak, such as single-layer graphene, or a multi-peak 
feature like multilayer highly oriented pyrolytic graphite in the range of 2500–
2800 cm−1 [15]. 
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3. The sensitivity of ωG´ to the structure of sp
2 makes this band a significant tool 
for quantifying the number of graphene layers. One layer of graphene (1-LG) 
shows a single Lorentzian peak in the G´-band. Figure 2.7 illustrates how sharp 
and symmetrical the shape of the monolayer graphene is, as well as how it 
broadens as the layers increase. In addition, the quantitative guide for the 
number of layers is the full width at half maximum (FWHM) for the 2D band. 
As shown in Figure 2.7b, the typical FWHM of 2D peaks of numerous few-
layer graphene (FLGs) are plotted. There were consistent, substantial, and 
different ranges for single-, bi-, tri-, four-, and five-layer graphene at 27.5 ± 
3.8 cm1, 51.7± 1.7 cm-1, 56.2 ± 1.6 cm-1 ,63.1± 1.6 cm-1, and 66.1 ± 1.4 cm-1, 
respectively where flake counter is the sample number. Also, there is no 
evidence to see any overlap for different thicknesses of FLG, and the data can 
be a straightforward standard in order to determining the layer number of 
graphene [20]. Another method to demonstrate the number of layers is the ratio 
of the intensity of the 2D band to the intensity of the G band per Figure 2.8. 
For instance, the intensity of the G´-band is twice as large as the G-band in 1-







Figure 2.7: Raman spectra to determine the number of layers in 
graphene based on a) Shape of 2D and intensity I2D/IG, and b) 







Figure 2.8: Raman spectra to determine the number of layers in 
graphene based on an intensity ratio [21]. 
 
2.5 Electron beam lithography (EBL) 
It is well-known that the origins of lithography date back to the seventeenth century in 
ink printing applications. Currently, there are a wide variety of applications and 
techniques thereof, with the concept remaining valid. Lithography in device 
fabrication includes the processes that are used to transfer a pattern from one form of 
media to another. Common types of lithography include both photolithography and 
electron beam lithography (e-beam). Photolithography uses light as the transfer 
mechanism and is extensively applied in technological processes. Its high yield makes 
it ideal for the semiconductor industry, particularly when applied to silicon technology 
in integrated circuit manufacturing. However, photolithography is not suitable to 
fabricate very small structures of ≤100 nm because of light diffraction [22]. 
Consequently, electron beam lithography has become a common choice for device 
fabrication, with advantages including very high resolution and versatile pattern 
shaping [22]. EBL arose in the late 1960s by modifying the design of SEM. The 
essential difference between them is that the beam in SEM is raster-scanned over the 
sample to produce an image, whereas the beam in EBL is directed according to the 
designed pattern created by the software generator. The limit of resolution of an optical 
19 
 
system is dependent on both the numerical aperture and the wavelength of light 
(according to Law of Ernst Abbé). This law holds in addition for electrons, of which 
the speed determines their wavelength, thus the higher the speed of the electrons, the 
smaller the wavelength and the better the resolution [23]. 
In summary, there are several common attributes of the technology, such as 1) having 
a very high spatial resolution, 2) being a flexible technique that can be used with a 
variety of materials, 3) being one or several orders of magnitude slower in comparison 
with optical lithography, and 4) being complicated and expensive due to it requiring 
more frequent maintenance. 
 
2.5.1 EBL process 
This EBL process involves three steps, being the exposure of the sensitive material, 
transmission of patterns, and the development of the resist (Figure 2.9). 
A thin layer of resist, based on an analogy with photoresist and using the term ‘e-
resist’, is used to coat the substrate that is chemically varied under exposure to the 
electron beam. This allows the exposed and non-exposed areas to be dissolved in a 
suitable solvent, being either positive or negative lithography, through an equally 
important process called ‘development’ (using the same analogy of the development 
of photographic films) [24]. After development and exposure, the resist layer at the 
top of the sample can be used as a template or mask to transfer the pattern into a more 
advantageous medium. The process of development and the resist must be closely 
coupled and associated with the functional dependencies of the electron beam tool 
[24]. 
In addition, two major pattern transfer techniques can be utilised. The first uses etching 
material underneath the voids in the resist layer. The second involves depositing or 
layering a material, generally metal, over the sample and removing the residual resist 
to lift the deposited material on top. This leaves the deposited material only in the areas 
where there is no resist. Figure 2.9 shows the e-beam process for a negative resist, 
where what is exposed remains after developing. This is the process that is 
subsequently developed in this paper to pattern mica. A similar process is involved 
with the more common positive e-resist, except that what is exposed to the e-beam 








This chapter presented the principle experimental techniques used in this study. 
Specific equipment settings have been provided here to develop them further in the 
study. The next chapter examines the materials used, after which the results chapters 
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3.1 A brief history of graphene  
Although graphene research intensified after the year 2000, it is well-known that 
experimental studies of graphene date back to the early 1960s when the conductivity 
of thin graphite was found to be surprisingly higher than that of the original graphite. 
Ultrathin graphite layers were observed under several conditions, but due to technical 
complications, the research of graphene has evolved slowly. It was a complicated task 
both theoretically and experimentally to demonstrate a material that a conductor, 
lighter and less expensive [1]. Although graphene research began in the 1960s, known 
then as graphite layers, it has grown dramatically since 2004 when Andre Geim and 
Konstantin Novoselov from Manchester University produced monolayer and few-
layer graphene for the first time. They isolated it from graphite as a starting material 
using Scotch tape, then deposited it on a SiO2/Si substrate [2]. This method is 
advantageous because it is simple and effective in producing a high-quality graphene 
sheets. In 2005, the Manchester University group showed the two-dimensional 
massless Dirac fermions in graphene unambiguously in a consecutive paper in the 
Nature Journal [3]. 
The experiments not only confirmed many predictions of graphene’s usual electronic 
properties but also discovered various novel characteristics of the material. In 2010, 
the Nobel Prize in physics was given to A.K. Geim and K.S. Novoselov for their 
pioneering contributions in graphene research. The award provided strong evidence of 
the impact of graphene on technology and science. 
3.2 Graphene properties: Structural properties  
Graphene is a two-dimensional material made up of carbon atoms that are arranged in 
a honeycomb structure. As shown in figure 3.1 a) graphene crystal contains two carbon 





where a=Ö3a0 ≈ Ö 3´1.421= 2.46 Å is the lattice constant, which is the distance 
between unit cells. The position vector of atom Bl, (l= 1, 2, 3) relative to the atom Ai 
is demonstrated as δl, while the three nearest neighbour vectors in real space are given 
by 
 
It is noted that ïδ1ï=ïδ2ï=ïδ3ï=a/Ö3 is the spacing between two nearest-neighbouring 
carbon atoms. Figure 3.1(b) shows the reciprocal lattice of single layer, where the 
crosses are reciprocal lattice points, and the shaded hexagon is the first Brillouin zone. 
The reciprocal lattice vectors b1 and b2 address the conditions 
 
Figure 3.1 c) shows the carbon atom nucleus has six electrons 1s2 2s2 2px12py12pz0. In 
1s states, there are two electrons in the core shell, which do not participate in atomic 
bonding and are strongly bound to the nucleus. The four electrons refer to the valence 
shell that forms three hybridisation types, which are sp, sp2 and sp3. The difference in 
energy between the 2s and 2p orbitals was found to be less than the energy gain through 
C–C binding. For this reason, when carbon atoms bind, their 2s and 2p orbitals can be 
combined with one another in spn (n=1,2,3) hybridised orbitals. For monolayer 
graphene, carbon atoms share sp2 electrons with their three neighbouring carbon atoms 
(Figure 3.1). At this point, each carbon atom has three close neighbours, forming the 
hexagonal planar network of graphene [4], whereas, in the structure of a diamond, the 
orbitals for one 2s and three 2p electrons combine, making four sp3 orbitals, binding 




Figure 3.1: (a) Honeycomb lattice of monolayer graphene, where 
white (black) circles indicate carbon atoms on A (B) sites, and (b) 
the reciprocal lattice of monolayer graphene, where the shaded 
hexagon is the corresponding Brillouin zone (c) Carbon atom 
structure. (d) Energy levels of outer electrons in carbon atoms. (e) 
The production of sp2 hybrids [4]. 
There are many allotropes of carbon that form a variety of different nanostructures. 
Figure 3.2 illustrates that graphite’s three dimensions are made up of multiple layers 
of 2D graphene linked by weak van der Waals interactions. Rolling a single layer of 
graphene into a cylinder produces a single-walled carbon nanotube (SWCNT), while 
several rolled cylinders create a multi-wall carbon nanotube (MWCNT), both of which 
are 1D carbon. However, rolling graphene into a ball results in a fullerene (Buckyball) 






Figure 3.2: Sp2 carbon materials [6]. 
3.2.1 Optical properties 
A single graphene sheet can only absorb 2.3% of incident light, but the absorption 
increases linearly with the increase in the number of graphene layers [7]. Individual 
graphene layers can absorb light from 300 nm (near-ultraviolet, NUV) to 2500 nm 
(near-infrared, NIR) [8]. Graphene’s thin transparent sheet cannot be detected by the 
human eye alone; it requires a substrate such as SiO2 that can be characterised by the 
optical image contrast. With increasing graphene thickness, such contrast increases 
[9]. 
The unique properties of graphene lead to many controllable photonic devices. These 
include solid-state-mode-locked lasers as graphene saturable absorbers that are much 
simpler and less expensive to integrate into the laser system compared to 
semiconductor saturable absorbers [10]. 
3.2.2 Electronic properties 
Unlike bulk semiconductors, where there is a gap between the conduction band 
minimum and the valence band maximum, graphene is a zero-band semiconductor. 
The Dirac cones meet at six Dirac points in momentum space, where electrons 
effectively lose their mass and become quasi-particles. This is because each atom 
contains three valence electrons, s, px, and py, that share the σ-bond with its closest 
respective neighbour, whereas the fourth valence electron, pz, forms the delocalised π- 
bond as shown in Figure 3.3. These π-bonds hybridise to produce the π-band and π*-





Figure 3.3: Sigma and pi bonds formed by sp2 hybridisation .[4] 
Graphene has an energy structure known as the Dirac cone made from two cones. The 
small point between the cones is defined as the Dirac point. They are K and K` when 
valence and conduction bands are degenerated to produce graphene zero band gap 
semiconductors as shown in Figure 3.4. However, the nature of graphene can 
mysteriously remain as a semiconductor or a semimetal, owing to the gapless features 
thereof. 
 
Figure 3.4: band structure of pristine graphene with two cones at a 
Dirac point [11] 
It has been reported that graphene has a very high charge in electron and hole mobility, 
being approximately 230,000 cm2.V-1.S-1 [12]. However, the defect in the graphene 
device causes charged impurities absorbed on graphene or located between the 
graphene and the underlying substrate, to induce Coulomb scattering [13]. Evidence 
of graphene conductivity has been reported to be affected by many sources, such as 




3.2.3 Thermal properties  
The low thermal conductivity of materials is a serious issue that has reduced the 
performance of electronic devices while generating heat when the device is operated. 
In contrast, graphene showed higher thermal conductivity in comparison to other 
carbon allotropes. For example, the suspended graphene monolayer has a thermal 
conductivity of 5,000 watts per meter per kelvin at room temperature, whereas the 
highest thermal conductivity of a single-wall carbon nanotube is around 3,000 W/mK 
[16]. However, graphene sheets supported with SiO2 have lower thermal 
conductivities ~600 W/mK near room temperature, due to phonon scattering of the 
substrate defects and impurities [17]. Moreover, the thermal conductivity of graphene 
changes according to the number of layers. As the thickness of the graphene increases, 
the phonon dispersion varies due to the availability of more phase-space states. 
Although this leads to phonon scattering, which reduces the thermal conductivity to 
the range of 1,000 to 2,000 W/mK, it remains higher than most semiconductor 
materials and metals [18]. 
3.2.4 Mechanical properties 
While graphene offers valuable optical and electronic properties, its mechanical 
properties are equally impressive. Despite its one-atom thickness, graphene has been 
reported to be the strongest material ever measured [19]. Its breaking strength is about 
42 newtons per meter (N/m), which is more than 100 times larger than that of a 
hypothetical steel film of equal thickness. In addition, graphene is the most flexible 
elastic membrane, as it can preserve more than 20% of local strain without breaking 
[19]. 
AFM has been commonly used for the study of graphene’s elastic properties. In 
particular, the spring constant of suspended graphene was calculated by applying stress 
and using atomic force microscopy and determined to be 1–5 N/m [20]. Moreover, an 
intrinsic strength of 130 GPa and Young’s modulus of 1TPa was found for single layer 
suspended graphene [19]. Thus, graphene is referred to as a ‘magical’ material that 
combines both strength and lightness in the same material that can be relatively 
controlled through the number of layers (Table1 3.1) [1]. 
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Table 3.1: Mechanical properties of graphene [1]. 
 
Raman spectroscopy is another technique that has been used to investigate graphene’s 
mechanical properties. For instance, tensile and compressive strain in graphene can be 
determined by changes in the G and 2D bands. A redshift was observed in the 2D band 
for a slight strain around 0.8%, with redshift and splitting of the G band as the strain 
increased [21]. Moreover, a significant redshift of 2D peak was observed when 
introducing tensile strain to graphene sheets by bending the transparent and flexible 
substrate. The 2D peak could only be used to detect the strain if the G peak overlapped 
with a strong peak from the substrate. Graphene is capable of immediate recovery once 
the stress is released, whereas the carbon nanotubes (CNT) take over one week to 
recover due to slippage [22, 23]. This remarkable elasticity of graphene is critical for 
the practical applications thereof, such as ultra-sensitivity of strain sensors [22]. 
Another force applied to graphene was the stretching of an elastic polymer substrate. 
This led to a significant red shift of 2D and G modes under uniaxial tensile strains [24], 
and the substrate partly induced the strain. It was observed that there are significant 
upshifts of all the Raman peaks attributed to the compressive strain caused by the SiC 
substrate. Specifically, epitaxial graphene on a SiC substrate (EG) resulted in a 
blueshift of bulk graphite and graphene made via mechanical exfoliation [25]. 
Table 3.2 summarises the changing Raman spectroscopy peaks based on various 
factors [1]. Chapter five investigates the strain in graphene evaluated in different 
temperatures and supporting morphology substrates using Raman spectroscopy 





Table 3.2: Effect on various factors on the Raman peak, shape, and splitting [1]. 
 
3.3 Morphology of graphene  
The structural properties of graphene are another important perspective that began to 
attract interest in 2007. It is stated that a presence of nm-sized ripples in single-layer 
graphene were found by studying electron diffraction on the suspended graphene 
membranes (Figure 3.5) [15]. They noted that the electron diffraction pattern becomes 
blurred when increasing the incident angle of the electron beam. For instance, 
broadening the diffraction peaks with the tilt angle could be understood due to 
microscopic corrugations on the graphene plane. They also found that the graphene 
ripples have an average height of about 1 nm with a lateral dimension in the range of 
10 nm to 25 nm. It has been found that the rippling is suppressed in thicker graphene 
samples. The nanoscale rippling is argued to be an intrinsic feature of graphene, 
essential in keeping the stability of its 2D structure [15, 26]. 
 
Figure 3.5: a) TEM image of suspended graphene membranes. (b)(c) 






different incidence angle of 0 (b) and 26 (c) degrees. (d) Schematic 
for corrugated graphene (e) Flat graphene crystal [15]. 
In addition to the studies of free-standing graphene layers, many investigations have 
addressed how graphene properties are strongly affected by the interactions with its 
neighbouring materials. When graphene is deposited or manufactured on a substrate, 
the substrate morphology is one of the main factors that greatly affect graphene’s 
properties. Particularly, the graphene morphology supported on rougher substrates 
shows low van der Waals interaction energy and high elastic energy between the two 
materials. This deforms the graphene resulting in mechanical failure and the 
breakdown of the electronic properties thereof [27]. As a result of this, the 
conformation of graphene was studied with several substrates [4, 28-30]. 
The presence of microscopic rippling of the 2D graphene sheets, either in free-standing 
form or supported with substrates, has attracted great interest in the scientific 
community. Furthermore, scanning probe microscopy was used to investigate the 
conformation of graphene with several substrates. These studies showed that the 
roughness of graphene depends on how it conforms to the substrate, meaning that flat 
substrates offer better roughness and graphene conformation. As the mica surface is at 
least five times smoother than a silicon dioxide substrate, it was suggested that 
graphene on SiO2 have 154 pm of roughness, with 24 pm for mica [28] as shown in 
figure 3.6. This atomically flat substrate has not shown any obvious ripples in graphene 
that cannot be avoided in SiO2 [28, 4] and suspended graphene [15]. 
 





3.4 Methods for graphene production 
There are several methods to synthesise graphene layers, classified as either chemical 
or physical methods. The most used techniques include chemical synthesis, thermal 
chemical vapour deposition, chemical exfoliation, and mechanical exfoliation (Figure 
3.7). Each of these approaches has both benefits and drawbacks. 
The first method was achieved by Geim and co-workers. They used dry mechanical 
exfoliation of graphene with varying thicknesses by using graphite crystals as a 
starting material and adding either scotch tape or rubbing another material against the 
surface of the graphite [2,3, 31]. Although this is the simplest approach, it is a 
technique that cannot be controlled and requires several days or weeks to locate an 
appropriately thin unfolded layer. In addition, it limited by low production with a small 
size for a single layer of 10 µm, being insufficient for industry purposes. Despite the 
disadvantages, this is still the most used approach for research, due to its simplicity 
and yielding of high-quality graphene. 
In 2006, Somani and co-workers achieved the first successful few-layer graphene film 
using chemical vapour deposition (CVD). They used camphor on Ni foils that 
produced high-yield and high-quality graphene of 20 µm [32]. This technique is based 
on the growth of graphene on flat transition metal substrates produced with 
carbonaceous gaseous sources with reactions at high temperatures around 1,100 oC. 
The main problems with this approach are a strong adherence of the first graphene 
layer to the metal substrate and a high cost. 
 
Figure 3.7: Left: Graphene synthesis via mechanical exfoliation. [1]. 
Right: several methods of graphene synthesis [10]. 
34 
 
The formation of graphene on SiC is another common method. It is based on heating 
SiC substrates around 1,200 °C in UHV. The Si evaporates and leaves graphene layers 
behind on the SiC substrate [33]. The number of graphene layers can be controlled by 
both SiC pressure and temperature parameters. This is a simple method of formation 
single-crystal high-quality graphene. In addition, SiC is a large bandgap 
semiconductor already used in electronic applications without the requirement of 
transferring graphene to another substrate. This advantage overcomes the issue of the 
CVD method but could be a limitation as it is difficult to transfer graphene to other 
substrates. Moreover, this method struggles to produce uniform multilayers of 
graphene. 
Finally, several other methods have been developed such as the reduction of graphene 
oxide [34], and molecular beam deposition [35]. Neither of these methods are expected 
to overtake the most common methods for future applications, being graphene on SiC 
and growth by CVD. However, the goal remains to provide an inexpensive, 
environmentally friendly, and high-yield production method for single and few-layers 
graphene. 
3.5 Graphene applications  
The potential properties of graphene have opened a new generation of electronics that 
offer flexible, light, strong, touch screen and transparent conductors with better 
performance compared to traditional devices. For instance, graphene is a potentially 
beneficial material that can be applied in the field of transistors. Particularly, high-
frequency transistors based on SiC-graphene have high resistance at high temperatures 
when compared to traditional technology [10]. The combination of low resistance and 
high transparency provides an attractive option for using graphene in optoelectronic 
devices involving LED and smartphones. Additionally, graphene is used in the display 
of smartphone screens, ahead of ITO, which is expensive, scarce, and sensitive to 
breakage. As shown in Figure 3.8, Novoselov and his group provided an indicator of 
when a prototype working product could be planned based on project roadmaps and 




Figure 3.8: Graphene applications in various fields [10]. 
Because of graphene’s flexibility, cost-effectiveness of manufacturing, and its ability 
to withstand great deformation of the plastic substrate, graphene is the ideal and 
strongest alternative material tested. Moreover, graphene could provide various kinds 
of flexible and stretchable electronic devices such as sensors [36]. Although graphene 
offers many advantages, its challenges include production yield with large 
conductivity, better adhesion with device substrates and stability under ambient 
conditions without any extra processing [36]. 
3.6 Mica  
Mica belongs to the mineral family and is a homogenous inorganic natural substance. 
Typically, mica is divided into two groups based on its colour, where white includes 
muscovite and phlogopite, while dark is phlogopite and biotite. 
Muscovite mica is an aluminosilicate with the chemical formula KAl2(Si3Al)O10 
(OH)2. It consists of one layer of octahedrally coordinated Al+3 ions surrounded by 
two layers of tetrahedral Si+4 ions. Every fourth Si+4 ion is replaced by an Al+3, 
resulting in an excess negative charge, compensated by K+ ions connecting the triple 
layers per Figure 3.9. In 1927, the structure of muscovite mica was first studied using 
x-ray diffraction [37, 38]. Muscovite mica was chosen by W.L. Bragg to investigate 
whether x-rays are very short electromagnetic waves that should be examined on a 




Figure 3.9: Crystal structure of muscovite mica [40] 
3.6.1 Mica properties  
In addition to its transparency, the most significant property of mica is elasticity, being 
simple and perfect cleavage. Due to these properties, mica is an appropriate substrate 
for the self-assembly of molecular layers [41-44], and to study thin films such as Pt 
[45]. Owing to its flatness, muscovite mica has proven many times better than a SiO2 
in terms of the observed graphene roughness [46, 28]. In addition, mica has been used 
as a promising gate insulator substrate due to its low thermal and electrical 
conductivity, and high dielectric strength [47]. Notably, mica has been used as a 
reinforcing filler for thermosets and thermoplastics because of its impact on the 
physical, mechanical, and electrical properties of composites [48]. Mica has a Young's 
modulus of 172 GN/m2 versus 73 GN/ m2 of glass flakes. Mica has remarkable 
chemical and corrosion resistance, good electrical properties, low thermal expansion, 
and causes much less wear and abrasion to the processing equipment [48]. 
3.6.2 Applications of mica 
Muscovite mica is an extensively used material because of its transparency, heat 
resistance, and flatness. Due to its higher temperature resistance, light weight and thin 
design, mica is used in several applications, including the surface force apparatus, and 
creating a flat interface for organic solar cells [37]. 
Mica shows significant changes in dielectric properties of plastics when added to 
polymers. These changes in the electrical properties of mica-filled polymer composites 
make them useful in large-scale electrical insulation applications [48, 49]. In addition, 
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the fabrication of large-area organic thin field-effect transistors based on a single mica 
crystal as a gate insulator – with a thickness of <100 nm – has been reported for the 
first time in reference [50], demonstrating the great potential of mica ultrathin crystals 
as a flexible insulator for organic electronic devices.  
3.7 Summary 
Mica has been used for several years in insulation systems of high-power rotating 
machines. The two most used forms of mica are phlogopite and muscovite. Mica has 
a combination of physical, chemical, thermal, electrical, and mechanical properties not 
available from any other product, making it a significant compound in high voltage 
insulation systems. Mica can easily be cleaved into thin films while maintaining robust 
strength through the other two axes, making it simple to handle. In addition, it provides 
mica with its unique properties resulting from the structural arrangement of its atoms. 
In this chapter, the properties, methods of production, and applications of graphene 
were discussed. Graphene is the first two-dimensional (2D) material to illustrate 
stability under ambient conditions when deposited onto substrates. This property 
makes it an excellent material in various areas such as nano-mechanics, nano-
electronics, and other various areas that can benefit from its 2D membrane. 
The most notable information in this chapter relates to the surface of mica being at 
least five times smoother than that of an SiO2 substrate. When placed on a flat mica 
terrace, graphene monolayers show a very flat structure, one of a kind from that found 
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Developing methods of mica preparation, graphene 
deposition and characterisation  
4.1 Introduction 
Uniform and uncontaminated sample and substrate preparation methods are a requisite 
first step, followed by consistent and appropriate characterisation methods. This 
chapter details the development and testing of the mica and SiO2, substrate and 
graphene fabrication methods and the characterisation methods used. 
4.2 Experiments and results 
4.2.1 Mica cleavage methods 
 
Muscovite mica KAl2(Si3Al) O10(OH)2 is easy to cleave along the {001} planes, 
presenting large atomically flat terraces. The use of mechanical exfoliation has been 
shown to produce large single-layer graphene sheets on mica with characteristic lateral 
dimensions ranging from tens of micrometres to 0.2 mm [1]. Here, we apply two 
different cleavage methods on the highest quality of mica (Muscovite mica, Agar 
Scientific). 
In the first method, mica is cleaved by a razor blade that has been cleaned using 
acetone and IPA solutions. This tool is used for a single cleavage, to reduce the 
possibility of contamination from any mica particles remaining on the blade. The 
middle of the razor blade is gently inserted into the corner, as close as possible to the 
mid thickness (the mica used is 0.2 mm thick with 9.9 mm diameter), avoiding any 
cutting or sawing of the mica, but instead, twisting the blade slightly, splitting the mica 
- Razor blade 
-Tape or tweezers 
Optical microscope 
 
Stage 1: Study the effect of preparation methods on mica flatness 
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in two to initiate the cleave. In the second method, a sharp razor blade is used to make 
an incision in the corner of mica, then the mica is pulled using tape, and the crystal 
cleaves in half [2].  
The results using optical microscopy (Zeiss) are presented in Figure 4.1. This shows 
that the second method produces a flatter, cleaner mica surface with fewer steps than 
the first method.  
Figure 4.2 shows water drops, which are clearly observed in the razor blade section 
(but absent in other sections) in the tape-cleaved sample after several weeks. This may 
have happened because the blade produces an imperfect cleavage, which causes an 
inhomogeneous density distribution of potassium ions. This leads to hydrophilic 
properties that trigger the formation of potassium carbonate islands on the surface, if 
ambient water is present [3].  
Due to this observation, the razor blade method was not used and the efficiency of the 
tape method confirmed. In addition, if the graphene sheet was deposited on one of the 
rough incision areas, later characterisation was unreliable, possibly because of the 
increased possibility of a trapped water layer between the graphene and the mica. The 
tape method was found to produce unequal halves of mica, one side being thicker than 
the other. The thinner portion is generally the tape side; usually the thicker portion is 
used, as it gives better contrast under microscopes and is easier to handle, thus the 
thinner half is disposed of. Subsequently, instead of using tape to pull the mica apart, 
the same initial cleave was performed with a razor blade, then tweezers were used to 
pull the two sections apart, which gave a better result and split the mica into almost 





   
   
   









                  
  
   
   
   













                              
  
   















Figure 4.1: Optical microscopy images of mica before and after 











4.2.2 Graphene deposition methods on substrate 
 
 
Stage 2: Characterisation of graphene sheets on mica substrate 
- Ambient conditions 
- Nitrogen gas 
- Compressed air 
- Adhesive tape 
- Tape-free method 
 
- Optical microscope 




Figure 4.2: Optical microscopy images of different magnification. a) and b): 
water drops on cleaved mica after several weeks; c) and d): flat area in the 
same water sample. Magnification: x10 (left) and x50 (right). 
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Methods of graphene production are explained in detail in Chapter 3. Here, two 
different methods of graphene deposition on a substrate will be examined, one using 
adhesive tape and one tape-free. Graphene sheets are produced by mechanical 
exfoliation of high-quality, highly oriented pyrolytic graphite (HOPG, grade ZYA, 
Agar Scientific). This HOPG exhibits an ABA (Bernal) stacking, therefore the multi-
layer exfoliated graphene sheets should follow the same stacking order. Before 
depositing graphene, the graphite should be prepared by using a new tape piece to 
remove any impurities and contamination that may occur on the graphite surface, such 
as hydrogen or water.  
A: Using adhesive tape  
The adhesive tape method was first used by Novoselov et al. [4] and has been adapted 
since, to simpler versions [5]. This method of depositing graphene on SiO2/Si substrate 
was also used in previous work done by this research group, but not on mica surfaces, 
and so was tested again here.  Adhesive (Scotch) tape was placed on freshly cleaned 
graphite sample. It was pulled it off, then the tape was folded over so that graphite 
adhered to both sides. After that, the tape was again pulled back to separate the 
fragments into two, as shown in Chapter 3. This process was repeated many times to 
eventually obtain thin graphene layers. Next, a SiO2/Si substrate was dipped in this 
acetone solution, then washed in propanol solvent and sufficiently divested of water. 
Some of the exfoliated sheets were detected on the substrate’s surface. Thick sheets 
were removed by cleaning the substrate in an ultrasonic bath, with propanol as a 
solvent, while the thin flakes remained attached to the SiO2/Si substrate.  
In the case of graphene on mica substrate, the use of any solvent treatment that might 
perhaps cause changes in the mica’s chemical composition was avoided. For this 
reason, first, the mica was simply cleaved using tweezers, as explained in Section 
4.2.1. Then, in ambient conditions (relative humidity [RH] around 30%), thin graphene 
flakes were immediately deposited onto the freshly cleaved mica substrate, to 
minimise the presence of a water layer between the graphene and the substrate [1,6]. 
The optical microscope image in Figure 4.3 shows the flat surface of the mica after 
cleavage; some contamination has appeared after graphene deposition because of the 
tape glue. However, when the sample was investigated on different days, the surface 
looked clean and no obvious evidence of any change was observed. 
48 
 
B: Tape-free method 
Another method that was used in 2005 by Novoselov et al., used a different technique 
where a fresh surface of the layered crystal was rubbed against the target surface, 
leaving a variety of flakes attached to it - the rubbing process can be described as 
similar to “drawing by chalk on a blackboard” [7]. 
This was investigated here too. Before starting the process, the HOPG was cleaned 
using a piece of tape, then the graphite was gently pressed onto the freshly cleaved 
mica surface. This has some advantages, including the prevention of any defects and 
contamination between the graphene and the mica. Another advantage of this method 
is that it avoids the mica peeling during the graphene deposition process, which may 
occur when scotch tape is used. 
C: Comparison and solution 
In this work, some graphene sheets were contaminated by the tape glue when using 
the adhesive tape method. Consequently, the tape-free method was initially preferred 
because it reduces these contamination effects. For the adhesive tape method, the mica 
surface was found to be much more sensitive than SiO2 to graphene exfoliation through 
the tape, because mica can be exfoliated at the same time as the graphene is deposited. 
However, the disadvantage of the tape-free method is that it produces much thicker 
graphene flakes. Although these can be washed by solvents after depositing on SiO2 
(as mentioned above), it is not possible to use any solvent with mica because of 










Figure 4.3: Optical microscopy (magnification: x50) of graphene on mica using 





In summary, therefore, the tape method produced better quality graphene film, but the 
tape left a residue. Mechanical exfoliation through rubbing produced thick clumps of 
graphene that could not be washed away. Thus, an alternative solution was devised 
using clean-room tape to replace Scotch tape. This adhesive is designed to support 
semiconductor wafers through manufacturing processes and dicing. This method 
follows the same procedure as the method of adhesive tape but replaces the common 
adhesive tape with the specialised wafer tape.  Using this dicing type of tape was found 
to produce clean graphene flakes.  
4.2.3 Graphene on mica preparation environments  
In 2009, Lui et al achieved the first ultraflat graphene on mica without ripples, where 
sample preparation was carried out in a glove box with water and oxygen 
concentrations below 1 part per million (ppm), to minimise the presence of adsorbates 
at the graphene–mica interface [1]. Other works have used nitrogen or argon gas 
during graphene deposition onto mica inside a glove box [3,6,8]. Lui et al. states that 
despite the extremely flat graphene samples over areas on the sub-micron scale, 
differences within the topography may be seen when surveying the surface over 
distances of microns [1].  In particular, graphene topography shows the presence of 
flat plateaus that increase abruptly by a height of ~0.4 nm above the lower regions, 
which are attributed to molecular adlayer islands trapped between the graphene and 
the mica. These islands may cause slight local roughness σ from 0.0208 nm to 0.0041 
nm for various regions of the graphene sample on mica [1]. Moreover, another study 
did not observe any differences in the number of elevations when using exfoliation in 
air, in a dry box or in an argon box with humidity below 2 ppm [3].  
Based on this fact, in the present study, mechanical exfoliation on mica was 
investigated in three different preparation environments, including under ambient 
conditions (RH 30% ± 4), using compressed air, and using nitrogen (N2) gas in a glove 
bag with RH 0% ±4. The three environments were compared using optical microscopy 
and AFM and no remarkable difference was found between the graphene on the mica 
samples. Consequently, it was concluded that graphene would be deposited on mica 





4.2.4 Different characterisation techniques for the same area 
The dicing or clean-room tape method was considered to be better for producing thin 
graphene sheets. It was then decided that the deposition of graphene on mica would 
take place under ambient conditions, rather than in another environment. 
Subsequently, there were several techniques available to characterise the graphene 
sheets, including optical microscopy, SEM and AFM. Optical microscopy, as a fast, 
non-destructive technique, is beneficial to check the cleanness of the surface generally 
and to locate large areas of graphene sheets on the substrate. Graphene is only visible 
on the substrate in optical microscopy due to interference effects.   SEM is more 
suitable to image individual graphene sheets, with the increased spatial resolution, 
while AFM provides information on graphene morphology and the thickness of the 
graphene sheets. Figure 4.4 shows three different techniques including a) optical 
microscopy, b) AFM and c) SEM used to characterise graphene sheets. The same 
graphene flake is used in all three techniques to offer a direct comparison between 







Figure 4.4: The same region under 
different characterisation techniques: a) 
optical microscopy with image size 60 
μm, b) AFM-contact mode with scan size 
50 μm, and c) SEM. 
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4.2.5 Developing SEM techniques to image graphene on SiO2 and 
mica 
Here, the SEM technique is developed to demonstrate the best settings for imaging 
graphene sheets. When high acceleration voltages were tested, proportionally more 
secondary electrons were emitted from the substrate under the graphene than from the 
graphene itself, which reduced the apparent intensity of the graphene, essential to 
determine the difference in thickness between different graphene layers. Thus, 
graphene layers are more obviously detected at low acceleration voltages where 
incident electrons are less likely to penetrate the graphene and proportionally more 
secondary electrons are generated from the graphene compared to the substrate. 
Accordingly, the settings were first determined to give sufficient contrast to image 
few- and single-layer graphene, as shown in Figure 4.5. For mica the acceleration 
voltage was reduced to 2 kV, which also decreased charging effects from electron 
irradiation. The lower detector, which favours topographic information but is less 
sensitive to sample charging, was used in graphene on mica, whereas upper and mixed 
(upper/lower) detectors offered the highest contrast imaging for graphene on SiO2.  
Figure 4.5: SEM image at different settings. Left: graphene 
on SiO2/Si; right: graphene on mica. 
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Thus, after concluding the investigation, SEM images of graphene samples were 
detected using a secondary electronic detector, at acceleration voltage 2 kV and beam 
current 10 μA for graphene on SiO2/Si using upper detector, and at acceleration 
voltage 1 kV and beam current 5 μA for graphene on mica using the lower detector; 
the working distance was estimated from 8 mm to 13.5 mm.  
4.2.6 Thermal oxidation 
One of the main reasons why silicon is the most commonly used semiconductor 
material is the ability to form a chemically stable protective layer of silicon dioxide 
(SiO2) on the surface of silicon [9]. The simplicity of fabricating SiO2 is another reason 
why SiO2/Si is the main substrate used in graphene devices. 
Silicon thermal oxidation depends on the migration of oxidant species via the already 
formed SiO2 layer and following interfacial reactions. Thermal oxidation allows the 
formation of thin, practically defect-free, reliable SiO2 films. This is one of the reasons 
why silicon dominates the semiconductor industry, despite the presence of other semi-
conductive materials with better electrical properties than silicon [10]. 
The most common method for making an insulating SiO2 layer is via a thermal 
oxidation process, carried out inside a furnace in a stream of either oxygen (O2) (dry 
oxidation via the reaction: Si + O2 → SiO2) or water (wet oxidation via the reaction: 
Si + 2H2O → SiO2 + 2H2). Dry oxidation is slower but leads to denser oxides of higher 
quality [9], which encouraged the researchers to use dry oxidation to create the SiO2 
layer on the Si substrate. This kind of oxidation method is generally used for metal-
oxide-semiconductor (MOS) gate oxides, while wet oxidation results in much faster 
growth and is typically used for thicker masking layers [9], because the water particles 
can separate at high temperatures to produce hydroxide (OH), which can diffuse on 
the Si surface more rapidly than O2 molecules.  
In the same way, the oxide growth rate is typically controlled by the temperature. For 
example, high temperatures are applied to increase the rate of oxidation, which means 
that more oxidants can reach the Si/SiO2 interface and react with Si to produce SiO2.  
Our research group has examined Si oxidation thickness and found that 90 nm is the 
best oxidation thickness to detect thin graphene, which matches with theoretical 
predictions [11]. Thus, in this work, the same settings and procedures are repeated, 
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however, as the previous oxidation rig had been moved, a new rig was constructed 
which required re-calibration of the required oxidation time.  SiO2 was grown in many 
wafers over various lengths of time, in order to determine the amount of time required 
to achieve the desired thickness, since the thickness of the SiO2 layer depends on the 
length of oxidation time in the furnace. Ellipsometry was then used to measure the 
thickness of the grown SiO2 layer.  Spectroscopic ellipsometry (SE) is widely used to 
study thin films and complex-layered heterostructures with thickness parameters that 
have range from fractions of Angstroms to several micrometers [12]. 
In order to grow the SiO2 layer thermally, p-type boron-doped Si (100) wafers, 
oriented with silicon resistivity of 1 Ω·cm, were used (Figure 4.6). Then, the Si 
substrate was placed inside a quartz oxidation tube in a non-reactive atmosphere 
containing N2; the tube was loaded into the furnace centre and heated to 1,060°C. The 
N2 was turned off and O2 was turned on when the optimum temperature was reached 
on the temperature controller. In this step, the Si can interact with O2 to procedure a 
SiO2 layer. When the desired time was reached, the O2 was turned off and the N2 was 
restarted for an hour, to let the furnace to cool [11]. 
 
The SiO2 layer was grown eight times at four different durations to define the amount 
of time required to achieve the necessary thickness. The thicknesses of the growing 
SiO2 layers were measured externally using ellipsometry.  




Figure 4.6: Thermal oxidation process. 
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In accordance with the Deal–Grove model, t is the time (in hours) required to grow an 
oxide thickness of x0 micrometres, τ is a time shift constant for the initial oxide layer, 
and A and B are constants [13]. The resulting fit is overlaid in figure 4.7 which shows 
the most significant result sought is the amount of time required to create a layer of 
90 nm thickness. Solving the fitted equation shows that this thickness can be achieved 
with an oxidation time of 24 minutes.  
 
4.3 Summary 
Sample cleanliness and preparation method are considered an important stage for all 
types of scientific research, especially in the study of properties at the molecular level, 
where contaminants severely alter the final result. Hence, this chapter examines 
different preparation methods, including examination of mica cleavage. It was found 
that performing the initial cleave by making an incision in the corner of the mica, then 
pulling it apart using tweezers, gave the best clean flat mica surface. Two methods of 
graphene production were also examined. The tape method gave thin graphene sheets 
but the tape glue caused residue, while the tape-free method gave clean graphene 
sheets but produced thick clumps of graphene that could not be washed away using 
solvents. Scotch tape was therefore replaced by clean-room tape, as an alternative 
Figure 4.7: SiO2 thickness (measured using ellipsometry) as a 
function of oxidation time, fitted using a least-squares method. 
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solution. Whether preparation of graphene on mica took place within a dry 
environment or under ambient conditions, no difference was found in the number of 
elevations attributed to molecular adlayers on the surface of the mica under the 
graphene sheet. Thus, for the later experiment, preparation of graphene on mica took 
place under ambient conditions. 
Furthermore, SEM techniques to image mica on SiO2 and mica substrates were 
developed, to choose the best settings for detecting graphene sheets. In addition, 
comparison was made of imaging techniques (optical/AFM/SEM) for multi-layer 
graphene. Finally, the growth of oxide on silicon was tested under various growth 
times, for the depositing of an oxide layer of 90 nm thickness on silicon substrate, for 
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Effect of thermal annealing and substrate morphology 
on the mechanical properties of graphene 
5.1 Introduction 
Graphene’s properties are strongly influenced by a number of factors, including its 
fabrication procedure and its interaction with the neighbouring material. The substrate 
morphology is one of the major factors that greatly affects the properties of graphene. 
As discussed in more detail in Chapter 3, it has been found that as the van der Waals 
interaction energy reduces between graphene and high-roughness substrates, the 
elastic strain energy is increased, which causes deformation in the graphene sheets 
[1,2]. Subsequently, the change in the mechanical properties of graphene causes 
change in its electronic properties. In particular, corrugations lead to charge 
inhomogeneity, scattering and low carrier mobility, which significantly impact the 
efficiency of electronic devices fabricated via graphene supported on SiO2 substrates 
[3]. 
From this perspective, a lot of research in recent years has addressed the effects of 
surface roughness by comparing the topography of graphene on many dielectric 
substrates [4–6]. It has been demonstrated that graphene morphology is free of ripples 
when supported on an ultraflat substrate such as mica. Similarly, experimental 
observation has shown that graphene on SiO2 is five times rougher than that on mica. 
This study opens up a new opportunity for the scientific community to consider mica 
as a promising alternative substrate to SiO2 [4].  
Annealing is another factor that significantly affects graphene properties as part of the 
process of fabrication. Thermal annealing in different environments at various 
temperatures has been used to reduce or remove fabrication contamination and clean 
graphene to improve its quality [7]. However, this annealing process affects the 
properties of graphene, e.g. inducing morphological changes and directly inducing 
impurity doping [8]. In addition, annealing graphene in an oxygen-free atmosphere 
has been discovered to produce very broad extra Raman peaks overlapping the D, G 
and 2D peaks of the graphene itself. These new Raman peaks are attributed to 
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amorphous carbon produced on the surface of the graphene through carbonisation of 
environmental hydrocarbons [9]. Another example is work from the present research 
group, which demonstrates that annealing graphene on SiO2 under ultra-high vacuum 
(UHV) conditions causes an increase in the defect density and compressive strain of 
graphene induced from the substrate morphology [10]. However, although annealing 
causes modification in the electronic and structural properties of graphene, it is still 
needed, to clean the graphene surface. Therefore, the examination of annealed 
graphene on an alternative substrate has the potential to minimise the issue of 
annealing for graphene devices.  
These substrate and annealing effects are both compounded by the thickness of the 
graphene. It is known that the structure of graphene materials is responsible for their 
physical properties; in particular the thickness has a notable effect. For instance, one 
theoretical study shows that the electrical conductivity of few-layer graphene 
decreased as the thickness increased, and that the reduction of conductivity was mainly 
caused by the inhibited carrier mobility [11]. This is consistent with an experimental 
study that shows the thickness dependence of the resistivity of individual graphene 
layers as low resistivity values for single strips and demonstrates that the resistivity 
distribution for single strips is anomalously narrow when compared to bi- and tri-layer 
graphene, consistent with the unique electronic properties of single graphene layers 
[12]. Hence, it is important to accurately determine the thickness and morphology of 
the graphene samples under different conditions, such as in the annealing process. 
To date, however, there has been no direct comparison of the effects of annealing 
graphene on these two substrates SiO2 and mica. This chapter therefore investigates 
this, using Raman spectroscopy to detect the disorder in graphene structure and its 
electronic and mechanical properties. This experiment also helps to determine the 
optimal temperature for cleaning graphene sheets on SiO2 and mica substrates. In 
addition, it demonstrates the changing mechanical properties of graphene following 
annealing. 
5.2 Experimental methods 
Graphene sheets were obtained by mechanical exfoliation of high-quality, highly 
oriented pyrolytic graphite (HOPG) using the adhesive tape method in ambient 
conditions (typically measured RH 30% ± 4). These graphene flakes were deposited 
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directly onto two substrates with different surface morphologies: freshly cleaved high-
quality muscovite mica and 90 nm of SiO2 on Si. Then, the annealing processing was 
carried out in an ultra-high vacuum (UHV) at 200 ̊C, 300 ̊C, 400 ̊C and 500 ̊C, for an 
hour. 
Thin graphene sheets were identified using SEM, for graphene on mica at 1 kV, 5 μA 
and for graphene on SiO2/Si at 2 kV, 10 μA. The layer number and the quality of each 
sheet were determined by Raman spectroscopy before and after each annealing step at 
laser excitation wavelength of 532 nm, with the laser power below 1 mW to prevent 
heating the samples (this is important to avoid inducing a shift of the G peak). Each 
Raman spectrum was an average of 6 accumulations to improve the signal-to-noise 
ratio, the measurement time was 10 seconds and the maximum 100x objective lens 
was used to focus the laser beam onto the graphene sample. A Raman signal arises not 
only from the graphene sample, but also from the substrate, which is referred to as the 
background signal or simply background. To make spectra clearer and improve 
identification of sample peaks, the background is removed. Here, this is performed in 
the instrument software WiRE using the Subtract Baseline option.  The software 
contains proprietary algorithms to subtract the background without altering the 
detected peaks.   Then the resulting data from the sample were fitted and analysed 
using Fityk software. Each Gaussian peak was fitted by manually selecting a position 
to add a peak start position; for the Raman peaks G, D and 2D. All the manually-
identified peak centre positions were simultaneously fitted by a genetic algorithm 
method. Contact mode AFM was used to measure the structure of the layers, to 
confirm the thickness of graphene sheets and investigate the height difference between 
pre-annealing and post-annealing stages. 
5.3 Results and discussion 
5.3.1 Pre-annealing stage 
This section will establish the base properties of the graphene-on-substrate samples 
before annealing. For clarity, the same four representative sample sites – two on mica, 




Figure 5.1 shows SEM images of three graphene samples, on (a) SiO2 and (b) mica. 
The mechanical exfoliation technique, described above, produces graphene of higher 
quality than other techniques [13], but it can lead to folded sheets. However, sheets 
folded over on themselves are valuable to allow a direct comparison of the unfolded 
‘thin’ section and folded ‘thick’ section, which will always be double the layer 
thickness of the thin region; this is applicable here to the samples in Figure 5.1 (a). 
This gives four sample areas to study: on SiO2, ‘thick’ graphene (S1) and ‘thin’ 
graphene (S2), and (b) on mica, thick graphene (M1) and thin graphene (M2). The 
extra folded graphene fragment on the right in Figure 5.1 (a) has been left in 
deliberately to aid alignment and discussion of post-annealing AFM later. 
 
The number of graphene layers in each of these four samples was determined using 
Raman spectroscopy, as shown in Figure 5.2. There are three principal features in 
Raman spectra of graphene that can be used to assess the number of layers in graphene: 
(i) the ratio of the intensity of the 2D band to the intensity of the G band, I2D/IG [14]; 
(ii) the full width at half maximum (FWHM) of the 2D band [15] and (iii) the positions 








Figure 5.1: SEM image pre-annealing: a) ‘thick’ S1 and ‘thin’ S2 
graphene attached to SiO2/Si substrate and b) ‘thick’ M1 and ‘thin’ 





The I2D/IG ratio is often the first measure used to assess the number of layers. In Figure 
5.2, in the top spectrum for S2 (thin graphene on SiO2), I2D/IG = 2.6, indicating single-
layer graphene. For S1 (thick graphene on SiO2), I2D/IG = 0.9, indicating bi-layer 
graphene. In addition, the 2D-band shape for sample S2 has a very sharp peak, which 
indicates a single layer of graphene on SiO2/Si, while sample S1 becomes broader, 
which indicates that S1 has thicker thickness than S2. An issue arises in the use of 
I2D/IG to assess the number of layers in mechanically exfoliated graphene, where, 
depending on the alignment of layers relative to each other, the 2D band can broaden, 
reducing the band intensity and breaking the I2D/IG relationship used to assess the 
number of layers [17]. The intensity ratio is 0.5 for M1 and 0.7 for M2, broadly 
indicating multi-layer and few-layer graphene, respectively. However, because both 
peaks have broadened, these are unlikely to be correct for mica. 
To overcome this issue, the FWHM of the 2D band can used instead. For the samples 
on SiO2, in Figure 5.2, FWHM (G) is equal to 31 cm-1 for S2 and 52 cm-1 for S1, 
identifying them as single-layer and bi-layer, respectively, in direct agreement with 
the I2D/IG ratio. The FWHM of the 2D band for graphene on mica is characteristic of 
Figure 5.2: Raman spectra (normalised by the G-band intensity.)of 
pre-annealing ‘thick’ S1 and M1 and ‘thin’ S2 and M2 regions of the 
graphene attached to the SiO2/Si and mica substrates.  
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tri-layer for sample M1 and bi-layer for sample M2, at 59 cm-1 and 51 cm-1, 
respectively. Given the broadening of the 2D peaks in all but sample S2, these are the 
most reliable measures of layer number. 
The final way to assess the layer number is to use the positions of the G band and the 
2D band. The G-band frequency downshifts and the 2D-band upshifts with increasing 
n (for small n) [14,16]. Addressing just the mica samples, where there is not yet 
consensus, the position of the G band for sample M2 (thin) is 1,583 cm-1, while it is 
1,580 cm-1 for thick graphene (M1). The position of the 2D band is 2,692 cm-1 for M2 
and 2,727 cm-1 for M1, which has shifted to a higher frequency. These positions do 
not give a quantitative assessment of layer number, but do confirm that the peak 
positions agree that M2 is thinner than M1, which was already apparent from the 
electron microscopy intensity. However, this backs up the use of the 2D-band shape 
and FWHM as the primary measure of the layer number, given above. For these four 
samples, this Raman analysis then gives layer numbers of: S1 = 2 (bi-layer graphene), 
S2 = 1 (single-layer graphene), M1 = 3 (tri-layer graphene) and M2 = 2 (bi-layer 
graphene). 
The topological profiles of the graphene sheets for these four samples were also 
measured by AFM, as shown later in figures 5.7 and 5.8, where they are compared to 
post-annealing profiles. Looking ahead, it will be seen that comparing the height of 
the graphene stack to the average height of the surrounding substrate, this gives the 
graphene thickness with AFM (S1≈ 3 nm, S2 ≈ 2 nm, M1 ≈ 6 nm and M2 ≈ 1 nm). It 
is reported in the literature that the height of single-layer graphene measured with 
AFM in ambient conditions can range from 0.4 to 1.7 nm. Sample S2 (single-layer) 
falls within this range as expected, but so too does M2, which is determined with 
Raman analysis to be bi-layer. AFM is widely regarded to be an inaccurate and 
unreliable method for layer-number determination, particularly for single-layer 
graphene. The difference is generally considered to be related to variation in 
interactions such as substrate–graphene and AFM probe–graphene bonding, which 
depend upon graphene structure, substrate surface energy and preparation of sample 
[18]. So, bringing together the Raman spectroscopy and AFM results, it is concluded 
that the Raman result is the most reliable technique for determining the number of 
layers which are S1(bilayer),S2 (single layer), M1 (tri-layer) and M2 (bi-layer), but 
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that AFM is useful for showing more details about the morphology of graphene sheets 
and tracking the changes that occur after annealing, which will be addressed later. 
Next, the defect or disorder in the four samples before annealing is addressed. The D-
band intensity is usually used to indicate the quality of graphene. As shown in Figure 
5.2, the D peak is nearly absent in both thick and thin graphene on mica (samples M1 
and M2), which indicates defect-free graphene. On the other hand, the D band is 
clearly present in both sheets of graphene on SiO2 (samples S1 and S2). The ratio of 
peak intensities ID/IG for the thinner sheet (S2) is 2, much higher than that of the thicker 
sheet (S1), which is 0.12 nm; this indicates that the structural defect or disorder is 
higher in the thinner sheet of graphene (Figure 5.3). It has been stated that the intensity 
of the D peak reduces significantly as the number of layers of graphene increases 
[10,16]. This is possibly due to thick layers having higher rigidity and consequently 
being less likely to conform to the substrate during deposition [19]. Overall, the 
absence of a D peak in graphene on mica proves it to be flat graphene, while graphene 
on SiO2 is not defect-free. However, the changes in D band for the four samples will 
be investigated more in the next section. 
 
5.3.2 Post-annealing stage 
With the initial parameters determined, the changes that occur during annealing will 
be examined. The four sample areas S1, S2, M1 and M2 were annealed in a UHV at 
temperatures of 200°C, 300°C, 400°C and 500°C. Looking first at the effects on the 













Figure 5.3: ID/IG ratio of ‘thick’ (S1) and ‘thin’ (S2) graphene 
on SiO2. Dashed lines guide the eye. 
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spectra for the samples of thick (S1) and thin (S2) graphene on SiO2. However, the 
thicker sheet (S1) shows lower ID than the thinner sheet before annealing, as mentioned 
above. All spectra are normalised to the G-band intensity to remove any change from 
focusing or alignment issues. The normalised ID/IG ratio is widely used in order to 
measure the amount of disorder. The ID/IG ratio is extracted and plotted against 
temperature for S1 and S2 in Figure 5.3. For both S1 and S2, the defect before 
annealing has reduced after annealing at low temperature, then started to increase at 
high temperature. The thinner sample (S2) shows a continual reduction in defect from 
pre-annealing to low temperature, then increases at 400°C (high temperature). The 
lowest number of defects is found at a temperature of 300°C. 
Returning to the Raman spectra, Figure 5.4 (c and d) shows the Raman spectra of 
annealed graphene on mica for the thicker (M1) and thinner (M2) samples. No defect 
peak is evident for M1. For M2 there may be a slight defect peak, but it is not 
sufficiently out of the noise floor to be detected. Although the collection settings are 
the same for all four sample areas, the level of noise in the graphene on the mica 
samples is higher (and highest with the thin graphene on mica), due to the transparency 
of mica substrate, as thinner layers have higher transmittance, while the thick layers 
have more interaction with the incident light. It should be noted that some annealing 
processes are known to induce defect peaks in graphene, so it is important to check 
that disorder does not occur after annealing, which the Raman spectra in Figure 5.4 (c) 
confirm. 
In these indicative samples, and across all other samples of graphene on mica prepared 
for this work, no defect peak was ever detected in Raman analysis, in stark contrast to 
as-prepared graphene on SiO2 samples. As seen with other work, the defects in 
graphene on SiO2 increase with annealing, but here no formation or increase of defects 
was seen on mica. This is an important finding, which will be discussed in detail in the 





Another method of assessing disorder in the deposited graphene is through changes in 
the G and 2D bands, including their positions and FWHM, which are caused either by 
strain or doping. The start and change in each peak position are given in Table 5.1 and 
then plotted against temperature in Figure 5.5, while the bandwidth of these bands is 
shown in Figure 5.6. 
Figure 5.4: Raman spectra of samples (a) S1 and (b) S2 (graphene on 
SiO2/Si), and (c) M1 and (d) M2 (graphene on mica). Spectra (normalised 
by the G-band intensity ) from bottom to top, pre-annealing and post-




First, the positions of the G and 2D bands against temperature will be considered. The 
initial 2D- and G-band positions show a distribution, because these are affected by the 
number of graphene layers, as explored earlier. Samples S1 and M2 have nearly the 
same position, because both are bi-layer. Changes in strain during annealing can shift 
these initial positions. As shown in Figure 5.5 (a), the change in the G-band position 
for the mica samples is not consistent, although there may be an increasing trend for 
M1. This is in contrast to both silicon samples, where there is a clear trend of increasing 
G-band position during annealing. Figure 5.5 (b) shows the 2D-band position for all 
samples. Here, the mica results are again mixed, with M2 broadly increasing and M1 
reducing, except for the transition from 400°C to 500°C. The silicon sample S2 shows 
a nearly linear increase with temperature, and S1 also shows an increase, if 300°C and 
400°C are omitted. These changes are addressed together, later in this paper. 
The next feature is the FWHM of the G band, plotted against temperature in Figure 
5.6 (a). Again, there is no clear trend for the mica samples, but comparing 400°C and 
Figure 5.5: Position of a) G and b) 2D bands for thick graphene 






500°C to the start position, the FWHM increases for both of the silicon samples. For 
the FWHM of the 2D band, shown in Figure 5.6 (b), there is one notably global trend: 
at 400°C all values drop from the initial value, and then all values but that for M1 
increase again at 500°C. 
 
Many studies show that the change in the position and FHWM of G and 2D bands can 
be caused by both strain [20–24] and doping [25–30], and so both causes must be 
assessed.  
First, the magnitude of the shifts in comparison to each other is important. If the blue 
shift of G and the blue shift of 2D are broadly similar, it may indicate that thermal 
annealing has induced hole doping in the graphene [25,26]. However, when the upshift 
of the 2D band (∆ꙍ2D) is not similar to the upshift of the G band (∆ꙍG), it could mean 
Figure 5.6: FWHM of a) G and b) 2D bands for thick (S1 and 






that annealing has caused a strain in the graphene [20]. For instance, the blue shift of 
the 2D band (∆ꙍ2D) has been noted to be ~2 times greater than the G-band upshift 
(∆ꙍG); this was found to be strain [20]. In the results of the present study, after 
annealing at 500°C (as shown in Table 5.1), the blue shift of the G band (∆ꙍG) for S2 
is 12 cm-1, while the blue shift of the 2D band (∆ꙍ2D) is 17cm-1. In addition, S1 shows 
blue shifts of 7.7cm-1 and 3.6 cm-1, for G and 2D bands, respectively. For SiO2, both 
samples show dissimilar blue shifts for both bands, and so strain is concluded as the 
cause. Neither mica sample follows the established pattern for either strain or hole 
doping.  
Table 5.1: Values of position of G band before annealing of graphene sheets and 
change in frequency of G band after annealing at 500°C, for thin and thick graphene 
on SiO2 and mica substrates. 











Position of G 
band 
(cm-1) 
1587.05 1583.78 1582.66 1580.49 
∆ꙍG 
(cm-1) 
12.13 - 0.1 7.7 5.39 
Position of 2D 
band 
(cm-1) 
2678.03 2692.69 2699.07 2727.33 
∆ꙍ2D 
(cm-1) 
17.45 31.84 3.67 - 0.98 
 
Second, both hole and electron doping can lead to a blue shift of the G band and reduce 
its bandwidth [27-30]. It is stated that graphene is strongly hole-doped after vacuum 
annealing when the G and 2D bands upshift, and the FWHM of G band reduces [26]. 
Furthermore, a blue shift in the G band coupled with a decreasing FWHM has been 
attributed to both electron and hole doping [27]. These studies indicate that the shift 
of G and 2D bands with reduction in FWHM for G band is a sign of a doping. In 
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contrast, if the G band upshifts but the FWHW does not change or increases, this 
indicates strain [20]. Comparing this with the results here after annealing at 500°C, for 
the SiO2 samples there is consistent increase in both the position and the FWHM of 
the G band, consistent with increasing strain during annealing. For mica samples, after 
annealing at 500°C the results are not clear .For example, for sample M1 there is a 
blue shift in G band with reduction in its FWHM, possibly implying doping, but also 
a slight red shift in 2D band, whereas, for sample M2, there is a decrease in the 
bandwidth of G but also a slight red shift in the G band; thus the above literature may 
not apply to these samples. However, a study of annealed chemical vapour deposition 
(CVD) graphene on mica has attributed the G-band downshift and broadened FWHM 
to decreased poly (methyl methacrylate) (PMMA) doping (used in their transfer 
method), and the 2D-band upshift to band structure modification [31]. Another study 
states that the absence of electron-doped graphene/mica samples is not consistent with 
an inhomogeneous distribution of K atoms [32].  
Third, strain induces significant upshift of the 2D band, according to the literature [20, 
22]. This is in agreement with the graphene on SiO2 samples here. However, 2D 
increased at 500°C for mica substrate M2, but reduced for M1, while the G-band 
position saw no significant change in either. This analysis is therefore not appropriate 
here; this is discussed later in the paper.  
Bringing the analysis of all the Raman results together, first, a change in doping during 
annealing can be ruled out, as the changes seen are not consistent with substrate-
induced hole or electron doping. Samples are annealed in UHV, so there can be no 
oxygen doping during annealing. However, it has been observed that vacuum 
annealing can make graphene more active and increase the molecular adsorption once 
exposed to air, leading to subsequent doping from H20 and O2 [26]. Although samples 
here were removed from vacuum for Raman analysis, no induced effects from any of 
these dopants are observed. 
For SiO2, the upshift of the G and 2D bands, coupled with an FWHM of the G band 
that either increases or remains constant, is a clear indicator of strain. On mica, the 
picture is less consistent, and some expected indicators of increasing strain are absent. 
This is not surprising, because the first-order D band, which is primarily used to 
indicate strain in the as-deposited samples, is missing or undetectable. With no 
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detectable strain in the starting condition, there are less likely to be changes in strain 
during annealing. No added strain is detected during annealing. 
Here, the annealing impact on graphene strain that caused Raman shift of G and 2D 
bands is discussed. There are two factors that lead to Raman shift: temperature of 
annealing and symmetry of molecules. In particular, the thermal expansion coefficient 
(TEC) of materials involved in solid interfaces could be a parameter characterising the 
stress within the materials, which in turn can modify their electronic properties.  
It is well known that in experiments where graphene is supported on a substrate, the 
graphene structure is sensitive to the nature of the support. When the two materials 
have different thermal expansion coefficients, this can lead to strain during heating. 
Graphite and graphene have negative thermal expansion coefficients while SiO2 and 
mica substrates have positive thermal expansion coefficients. The heat treatment 
therefore causes a change in the graphene layer stress as a result of the contrasting 
signs of the thermal expansion coefficients of graphene and the substrate; both 
substrates increase in length with temperature rises, whereas the graphene sheets 
contract. After cooling, the opposite occurs, i.e. the substrate contracts and the 
graphene expands, which leads to compressive strain in the graphene. 
The number of graphene layers plays a role in the interaction with the substrate. As 
discussed above, this mismatch of the TEC induces tensile strain in the graphene 
during heating and compressive strain on cooling. The van der Waals interactions, 
which fix the graphene to the substrate, differ for thicker and thinner graphene stacks. 
In the case of thin graphene, the interaction that holds the graphene to the substrate is 
greater, and is affected more by the substrate than in the case of the thick sheet. 
Therefore, the mismatch in TEC has a significant impact on thinner sheets, with effects 
on their properties such as buckling or slipping. It is observed that slips happened in 
single-layer and bi-layer graphene, with a blueshift of the G band noted over 400 K. 
However, a smaller shift of G band means the slip is not observed in the case of 
graphite [33]. If the van der Waals interaction between graphene and the substrate is 
weak, the strain between them will not be coherent, producing less slippage [19,33,34]. 
After cooling, there is compressive strain, which causes mechanical distortions of 
graphene such as the formation of ripples [33,35]. However, if the annealing occurs at 
a low temperature, the tensile strain is sufficiently small during annealing and, after 
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cooling, the sheet returns to its original state without causing any compressive strain, 
as slippage starts to be active after annealing at 100°C or more [33,34].  
Comparing the above literature with the results of this study, the Raman shift of both 
the 2D and G peaks after 500°C is more for S2 than for S1, as shown in Table 5.1. 
This indicates more strain in the thinner sample (S2), consistent with the established 
annealing mechanism. The thin graphene (S2) shows a near-linear consistent increase 
in Raman shift with temperature, shown in Figure 5.5. The shift in the thicker sample 
(S1) drops back at 300°C and 400°C, but continues to increase at 500°C. This is an 
important observation, confirming that thinner sheets are more sensitive to strain after 
annealing. For mica samples, the pattern of strain is not as clear; this is discussed later.  
The final method to assess the graphene changes during annealing is AFM, which was 
carried out before and after the final annealing steps. Figure 5.7 (a) shows graphene 
sheets on thick (S1) and thin (S2) SiO2 layers before annealing. Both are plotted on 
the same z-axis colour scale for comparison. The upper portion of the flake is single-
layer, with the line profile S2b showing a thickness of 2 nm. The mottled region at the 
bottom of the same flake is the folded-over double-height section. This is clearer in 
the SEM image (shown in Figure 5.1); it was harder to image in AFM, although AFM 
does uniquely give the required topographic information. Line profile S2b shows the 
height of the thin section to be 2 nm. Line profile S1b is taken down through the sample 
to include the single layer, because the roughness of the thicker portion was too high 
to accurately determine the layer number against the background.  Taking the line scan 
in this direction shows the thinner section is 3 nm high compared to the background, 





The right-hand side of Figure 5.7 shows the same samples after annealing at 500°C. 
The main flake is no longer visible in AFM, but the thicker flake (on the right) is. An 
outline of the flake and smaller piece were therefore taken from SEM and overlaid 
here as dashed white lines, using the additional piece of graphene to the right for 
alignment. The corresponding horizontal line scans underneath are averages of the 
three lines, to reduce noise. For the thicker S1a region, the noise has reduced and the 
folded sheet is now measured to be ~1 nm, indicated by the vertical red bar. In the line 
scan S2a, the extent of the flake is shown between the two vertical red dashed lines. 
The right-hand side of the graphene sheet appears to have bent upwards now, giving a 
Figure 5.7: AFM images of (a) Sample S1 and S2 for graphene 
on SiO2 before annealing and b) after annealing at 500°C.  
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white feature along the right edge and showing in the line scan as a large peak 8 nm 
above the left-hand-side background. Before this lifted side, the left side of the sample 
now shows a reduced height of ~1/2 nm. 
Comparing the heights of S1and S2 after annealing, Figure 5.7 (c) shows the thickness 
of thick graphene before annealing, with height around 3 nm, although rough, while 
this height is reduced after annealing to around 1 nm, as shown in Figure 5.7 (d). The 
same observation was made for the thin sheet (S2), with a thickness of 2 nm shown in 
Figure 5.7 (e) there is a reduction in height after annealing at 500°C as well shown in 
Figure 5.7 (f). However, SEM is not helpful to illustrate this sample, as AFM provides 
better morphology and height difference information. This study therefore relies on 
AFM to demonstrate any change after the annealing process. 
It is reported in the literature that the height of single-layer graphene measured with 
AFM in ambient conditions can range from 0.4 to 1.7 nm. Sample S2 (single-layer) 
falls within this range as expected, but so too does M2, which is determined with 
Raman analysis to be bi-layer.  
After annealing at 500°C, the flake of graphene appears to have disappeared in the 
AFM image. This effect is attributed in the literature to a decrease in the number of 
graphene layers, as they are blown off or absorbed into the substrate after annealing 
[20]. However, the Raman result here shows that the sheets were still present, but no 
longer immediately visible under AFM. However, by aligning from the thicker 
fragment and taking averaged line profiles, we show the sheets can still be detected 
with AFM. The reduction in the height of the graphene is now comparable to the 
background roughness of the SiO2 and there is not sufficient contrast for it to be clearly 
detectable without averaging several line scans together. 
The same presentation is shown for the mica substrate samples, in Figure 5.8. Here 
there are two distinct flakes of graphene: M2 is bi-layered and M1 is tri-layered. Figure 
5.8 shows AFM image of samples M1 and M2 a) before and b) after annealing at 
500°C. This area is also shown in the SEM image in Figure 5.1. The left flake (M2) is 
bi-layered, with the line profile M2b showing a thickness before annealing of ≈ 1 nm, 
as seen in the dashed vertical lines of the line profile. The right flake (M1) is tri-
layered, with the line profile M1b showing the height of the thick section to be ≈ 6 nm.  
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Comparing this height with the literature, it is always important to report the expected 
height of single-layer graphene, which then establishes the offset between the 
graphene and the substrate. Once this is known, each additional layer is assumed to be 
separated with an additional 0.335 nm for each layer of graphene. It has been found 
that, for single-layer graphene on mica, the height varies from 0.4 to 0.9 nm [18,36]. 
This puts the height of M2, at ~1 nm, in line with the expected range for bi-layer 
graphene, consistent with the Raman results. 
 
Figure 5.8: AFM images of (a) Sample M1 and M2 for graphene on 
mica before annealing and b) after annealing at 500°C. It is 
important to mention that the same settings and mode of AFM were 




For the thicker M1 sample graphene on mica, the picture is not as clear. M1 was 
determined by Raman analysis to be tri-layered. Using an upper estimate for single-
layer graphene thickness of 1 nm and an interlayer spacing of 0.335 nm, the expected 
height of tri-layer graphene would be 1.67 nm, whereas here it was measured to be ~6 
nm. Water trapped between graphene and mica has been measured to be in the range 
0.3–1.5 nm, depending on AFM scanning parameters [32]. It is found that this layer 
of confined water between exfoliated graphene and mica increases the AFM step 
heights in ambient conditions. Water could be a part of the cause, but cannot totally 
explain the discrepancy. Instead, it is most likely that the step defect running 
diagonally under M1, faintly visible as a darker stripe in the figure before annealing, 
has increased or altered the determination of the height. AFM is known to be less 
reliable for such measurements, whereas Raman spectroscopy has proven to be the 
most reliable method of choice for determining the number of graphene layers [18]. 
Here it is assumed that the Raman spectroscopy determination is accurate. 
Returning to Figure 5.8, the right-hand side shows the same samples M1 and M2 after 
annealing at 500°C. The line profile M2a shows a thickness of ≈ 6 nm, whereas the 
line profile M1a shows a height of ≈ 11 nm. Notable observations are the apparent 
increase in the graphene thickness after annealing and the appearance of dots across 
the whole of the substrate where there is no graphene. Before annealing, M1 had a 
height of 6 nm, which increased to 11 nm after annealing at 500°C; the thin sheet (M2) 
had an initial thickness of 1 nm, which increased to 6 nm. The increase in the apparent 
height of the graphene after annealing is an abnormal feature that has not been detected 
before; this work is its first observation. It is not possible to track the change in the 
number of graphene layers using Raman analysis, as the samples have been annealed 
and the Raman bands have shifted. However, AFM shows no apparent change in the 
shape of the flat or folded regions of either sample. There appears to be no 
conformational or structural deviation post annealing. It is most likely that the mica 
has been blown off around the graphene, with the graphene acting almost as a mask. 






5.4 Conclusion  
Thermal annealing is a required step in producing materials and devices from 
graphene.  However, the temperature, graphene thickness and substrate type all affect 
how the graphene responds chemically and structurally to the elevated temperature.  
This Chapter directly compares the annealing of few-layer graphene on SiO2 and mica 
substrates for the first time, using SEM, Raman and AFM, to monitor the disorder, 
electronic and mechanical properties. 
Four representative samples areas are identified by AFM and SEM: bi-layer and single 
layer graphene on SiO2 and tri-layer and bi-layer graphene on mica.  Before annealing, 
Raman showed disorder present in SiO2, but the characteristic Raman D-peak was 
absent for both mica samples presented, and all mica samples studied in this work.  
This is significant, because it confirms the proposition of this thesis that mica is a more 
suitable substrate for the investigation of 2D materials than the rougher SiO2, which 
this confirms. The D peak is observed much more clearly in the thin layer on SiO2, 
attributed to the thick layer having higher rigidity and therefore better resisting 
conformation to the rougher substrate which induces the disorder. 
Samples were annealed in UHV at 200 °C, 300 °C, 400 °C and 500 °C, with Raman 
conducted after each annealing step and AFM before and after the final step.  The 
disorder or defect peak in SiO2 reduced at lower temperature anneals up to 300 °C, but 
from 400 °C onwards increased.     
An increase in the strain of graphene samples on SiO2 is observed, confirmed by the 
increase in width and the position of the G and 2D bands. Mismatch in the thermal 
expansion coefficients leads to compressive strain when graphene is annealed at high 
temperatures, to which the changes in strain are attributed.  This strain increased at the 
annealing temperature increased.  This is consistent with ours and other’s previous 
work.    
Another interesting effect occurs after annealing both graphene samples on SiO2 at 
500 °C – they appear to become ‘invisible’ in AFM.  Remarkably this effect has only 
been reported once before, by this group, where four-layer graphene on SiO2 was 
observed to ‘disappear’ with SEM. [10]  The reason no other groups have reported this 
is likely because the ‘disappearance’ of graphene after annealing is always attributed 
in the literature to a decrease in the number of graphene layers as they are blown off 
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or absorbed into the substrate after annealing [20]. However, the Raman results of the 
present study show that the sheets were still present, but no longer visible under AFM.  
This study used a new approach and aligned the AFM scans to other extant features 
on the surface and averaged several line profiles over the ‘disappeared’ graphene.  This 
method confirmed that the graphene was still present, albeit with a much lower 
apparent height than before annealing.  Given that one sample was single layer 
graphene and shown to still be present by Raman and AFM, the theory that layers are 
desorbed during annealing is called in to question by this work.  It is more likely that 
due to the roughness of SiO2, graphene has conformed to the underlying substrate 
topography as annealing induces compressive strain.  This is important for all graphene 
on SiO2 studies. 
Annealing graphene on mica at the same temperatures failed to bring out the D-peak 
characteristic of disorder or defects.  This is also significant, confirming that high 
temperature annealing can clean the graphene without causing any conformation 
changes in the graphene itself.  Possible doping affects were seen at 500 °C, but these 
were not consistent. 
An unexpected but remarkable effect occurred after annealing mica at 500°C: a 
random distribution of dots over the mica surface. Mica was expected to be stable 
during annealing up to 600 °C [36], but here the surface is clearly changing at lower 
temperatures with the appearance of randomly-distributed ‘dots’ which appear as 1 nm 
raised sections in AFM.  The only comparable report found in the literature reported 
nano blisters forming in graphene on mica annealed for 19 hours at 600 °C, but located 
underneath the graphene, rather than on the exposed mica [36].  Here, samples are only 
annealed for 1 h at 500 °C and the ‘blisters’ are clearly formed on the exposed mica.  
AFM does not appear to show any blisters under the graphene itself, and there is no 
change in the strain of the graphene sheets which would be expected.  The most 
significant result is that the apparent height of the graphene changes when this effect 
occurs, which has not been reported before.  Raman cannot confirm that the number 
of graphene layers remains stable post annealing, since the peaks move from other 
effects.  However, the structure of the bi-layer and tri-layer graphene on mica appears 
identical with AFM post annealing. It appears that the graphene is ‘masking’ the mica 
surface, protecting the area it covers, while the surface around it is ‘blown off’ at lower 
temperatures and shorter annealing times than previously reported. 
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AFM was only carried out after the final annealing at 500 °C and so it is not known 
exactly at which temperature this new effect occurs, or what any intermediate stages 
may involve.  Following the results of this chapter, a new study was designed 
specifically to investigate this new mica degradation and masking effect, presented in 
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Investigating the degradation of mica after high 
temperature annealing 
6.1 Introduction and motivation 
In Chapter 5, AFM revealed a degradation of the mica surface after annealing graphene 
on mica at 500oC. As this is an unexpected and previously unreported change of the 
surface during annealing, and the temperature at which this process begins is unclear, 
in this chapter AFM is used to investigate the bare mica surface after each annealing 
stage, to clarify the exact changes that occur. 
Despite extensive searches, several aspects of the changes that occur in muscovite 
mica during heating are still unclear. Mica is reported to be resistant to thermal 
decomposition at temperatures around 500°C [1–3]. Hidnert and Dickson [4], for 
example, demonstrate that heating at 600°C for one hour produces slight or no change 
in the properties of muscovite samples. Another study found that heating mica at high 
temperatures up to 900◦C caused interesting changes in its properties, such as changes 
in its optical transparency and colour of appearance [5]. Moreover, X-ray diffraction 
(XRD) has identified no significant structural changes up to 800oC, whereas thermo-
gravimetric analysis (TGA) has identified small weight loss due to dehydroxylation in 
mica, from around 400oC up to 900oC, followed by decomposition [5]. However, the 
impact of annealing on the morphology of mica is still not fully understood. 
Consequently, this study has been unable to answer the question arising from the 
literature in Chapter 5, as to when, how and why mica degrades after heating at 500oC. 
To address this gap, bare mica is investigated after each heating temperature at 200oC, 
300oC, 400oC and 500oC, with the changes in surface structure monitored using AFM. 
6.2 Experiment 
6.2.1 Cleaning and preparation of samples 
Firstly, bare mica was cleaved. A sharp razor blade was used to make an incision in 
the corner of the mica. The layered crystalline material was then split in half using 
tweezers. The previously internal surfaces were thus exposed for investigation (rather 
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than those that were already exposed before cleaving). This method is found to be 
better than other methods in producing clean and flat surfaces of mica, as explained in 
Chapter 4. 
6.2.2 Characterisation  
AFM was employed in tapping mode to characterise the topography of the graphene 
sample. The measurements were performed under ambient conditions using a sharp 
AFM tip. 
6.2.3 Experimental procedure 
Before annealing, the cleaved mica was imaged by AFM to ensure the flatness of the 
sample. Then, the same sample was annealed at temperatures of 200°C, 300°C, 400°C 
and 500°C for one hour, in a UHV environment. After each annealing step, the sample 
was imaged by AFM then returned to the UHV chamber for another thermal treatment. 
The sample was scanned in various areas to confirm the results. The razor blade was 
cleaned with acetone and IPA, then dried by a nitrogen gun before being used to cleave 
the mica. The sample container and tweezers were cleaned in the same way to ensure 
that no contaminants were introduced to the exposed mica surface. 
6.3 Results  
Figure 6.1 shows the AFM images of the sample before and after annealing at different 
temperatures using the same colour scale. It can be observed that over the scan size, 
the mica is very flat and no particles are detected before annealing. Because the sample 
surface is atomically flat, the image shows only the background noise. No changes 
were detected at 200°C and 300°C. However, some particles appeared after annealing 
at 400°C, indicated using arrows. The particles increased dramatically on the surface 
of the samples after annealing at 500°C. The size of the particles was less than 1 nm 




Figure 6.1: AFM images of bare mica substrate before and after the 
annealing process. Scan size 10 μm x 10 μm, all on the same height 
scale. 
6.4 Discussion 
First: Discussion of the extremely flat surface of freshly cleaved mica before 
heating 
The AFM images show an extremely flat mica surface after cleavage in ambient 
conditions. Comparing this result with other studies, it is found that air-cleaved mica 
has a high density of potassium carbonate crystallites, formed immediately after 
cleavage by a reaction between atmospheric CO2, the mica surface and water, to 
produce potassium ions distributed randomly in 1–5 nm hexagonally shaped islands 
detected with AFM [6–8]. This research did not detect any particles after mica 
cleavage. The AFM showed a flat surface with no presence of potassium carbonate 
crystallites. The flatness in the cleaved mica is confirmed by de Poel et al, who used 
a) Pre b) 200°C c) 300°C 
d)  400°C           d) 500°C 
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optical microscopy, XRD and AFM to compare two qualities of mica with respect to 
the number of defects, incorporated impurities and cracks, as possible sources of steps 
during cleaving [9]. That paper studies the difference between low- and high-quality 
muscovite micas in terms of the number of trapped contaminants and defects. The low-
quality muscovite mica resulted in a very contaminated sample requiring the most 
steps, evidenced by the crack in the mica due to the pseudo-hexagonal symmetry of 
the crystal that commonly occurs in lower-symmetry crystal structures. The number 
of contaminations and defects is a good indication of how step-free the cleaved 
muscovite mica surface will be [9]. Furthermore, earlier studies find that the mica 
surface after cleavage in ambient conditions is perfectly flat with no evidence of defect 
following an X-ray structural analysis [10]. Although there is a step with 0.1 nm, due 
to K+ ions after cleavage, these are unstable and disappear after a few minutes [11]. 
Cleavage methods are another factor: the blade could produce imperfect cleavage, 
leading to inhomogeneity of the density distribution of potassium ions. This leads to 
hydrophilic properties that trigger the formation of K2CO3 islands on the mica surface 
when ambient water is present [7,12,13].  
Second: Discussion of mica morphology after annealing 
After annealing at 200°C and 300°C, the mica surface indicated no changes. Some 
clusters were observed after annealing at 400°C, which subsequently increased at 
500°C, with particle heights of less than 1 nm. This is an abnormal feature arising from 
an extremely flat surface before annealing, measured using AFM. This is the first study 
to show these particles appearing after annealing using AFM, with the literature 
indicating that the particles are produced after cleavage and before any thermal 
process. As such, the temperature at which these clusters appear needs to be studied. 
Using XRD, Hidnert et al. observe no changes in the structure of muscovite mica at 
annealing temperatures of 100°C and 250°C [4]. This observation agrees with the 
AFM images produced during this research. 
One study has attempted to prevent the formation of the airborne layer of potassium 
carbonate particles produced after cleaving mica in air. The mica was cleaved in UHV 
rather than air conditions and then imaged by dynamic AFM under the same 
conditions. It was found that the surfaces formed by cleaving in such conditions cannot 
be imaged with non-contact atomic force microscopy (NC-AFM), due to large surface 
charges of potassium ions [13]. Nevertheless, cleavage in air produces much less 
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surface charge and allows for NC-AFM imaging, because the reaction of the mica 
surface with ambient conditions immediately compensates for the potassium excess 
charge. However, mica cleaved under UHV, then exposed to air, has a similar surface 
morphology to air-cleaved mica samples [13]. 
Other studies of air-cleaved mica have attempted to remove the potassium carbonate 
particles by heating mica samples. It has been found that the contamination layer of 
potassium carbonate particles cannot be removed by degassing in UHV. Even 
prolonged heating under UHV conditions at a temperature of 560 K did not produce 
an atomically flat surface [13]. Moreover, a study of the surface of cleaved mica using 
Auger spectroscopy shows that a carbon compound was the major surface contaminant 
on air-cleaved mica, and that this could not be removed through heat treatment in UHV 
at 500oC [14]. In contrast, long-term heating in an atmosphere of oxygen at 105 Torr 
and 450oC–500oC removed the carbonaceous material and caused some loss of surface 
potassium [14]. This paper observed that the carbonaceous material was already 
formed, regardless of whether the mica was cleaved in the air at the beginning, or it 
was cleaved in an ultra-high vacuum (UHV) and subsequently exposed to air. In 
addition, carbonaceous surface layers are not produced in the case of UHV-cleaved 
mica exposure to carbon dioxide (CO2), methane (CH4) or carbon monoxide (CO), as 
this layer forms only when water vapour is present [14, 15]. Another study heated mica 
at 600–900 K but could not remove the particles, as confirmed by static secondary-ion 
mass spectrometry (SSIMS) [13,16]. Other SSIMS studies comparing freshly cleaved 
and weathered mica surfaces have demonstrated a depletion of potassium from mica 
surfaces through weathering under ambient conditions, because of an increase in 
surface oxygen [15,17]. This is consistent with the formation and clustering of 
potassium carbonate on the surface. In addition, it is evidenced that carbon dioxide 
may adsorb on the surface of mica cleaved in a vacuum, whereas air-cleaved mica 
does not attract carbon dioxide [15,18]. This is because mica cleaved in ambient 
conditions already has a carbonaceous layer on its surface, as confirmed by X-ray 
photo electron spectroscopy (XPS) investigation [15,19]. However, annealing the mica 
surface causes loss of weight due to of dehydroxylation, as shown in Equation 6.1. 




Overall, annealing mica in a UHV environment causes changes in the mica surface. 
This is evidenced by the presence of a few particles with a height of less than 1 nm 
after annealing at 400oC, which increase in number with annealing at 500oC, in a 
random distribution. These particles are formed from the mica surface itself, because 
annealing mica causes loss in its surface layer. This study relies on strong evidence 
indicating that annealing in oxygen at 450oC–500oC results in a loss of carbonaceous 
material and surface potassium, according to Auger spectroscopy [14,15]. Auger 
spectroscopy probes the electronic energy levels of ions undergoing autoionization 
uniquely identifying each element and is fundamentally a surface probe as the data 
comes from approximately the top five atom layers [20]. Other evidence using TGA 
shows a small amount of weight loss when annealing mica at around 400oC, due to 
dehydroxylation [5]. Therefore, the best annealing temperature for mica substrate is 
300oC, where no surface changes have been detected.  
6.5 Conclusions 
In Chapter 5 unexpected and previously unreported changes occurred on the surface 
of mica after annealing, where small particles were observed using AFM after the final 
annealing step of 500 oC.  In this chapter, all intermediate temperature stages of before 
annealing, 200 oC, 300 oC, 400 oC and 500 oC are studied on bare mica to avoid any 
effects of graphene deposition.  Atomically flat terraces of 10 μm x 10 μm are scanned 
with AFM and compared. 
The as-cleaved and un-annealed surface showed no surface changes, with apparently 
atomically flat, uncontaminated surfaces present.  At 400 oC particulates around 1 nm 
in size appeared on the surface, which increased at 500 oC.  This is the first study to 
show particle appearance with annealing. 
Other studies have found a contamination layer of potassium carbonate crystallites on 
mica immediately after cleaving.  Annealing those samples showed a reduction in the 
number of crystallites which were around 1 – 5 nm, with a corresponding reduction in 
the mass of mica.  Other studies using thermogravimetric analysis showed a small 
Equation 6.1: dehydroxylation in mica [5] 
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amount of weight loss when annealing mica at around 400 oC, attributed to de-
hydroxylation.   
These results, coupled with the previous chapter, show both related effects must be 
occurring simultaneously.   We form clean-cleaved surfaces of mica with no surface 
crystallites, but these are induced by annealing to 400 oC.  Further, the AFM height 
analysis of graphene on mica in the previous chapter showed that the background 
height of the mica around the graphene reduced after annealing at 500 oC, and therefore 
loss of material is also occurring.  This is the first observation of these effects. 
For the purposes of this work, it now establishes an upper limit on the annealing 
temperature used to clean graphene on mica of 300 oC.  By coincidence, this matches 
the upper limit for annealing graphene on SiO2, although the mechanisms which 
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E-beam lithography of mica and suspended graphene 
7.1 Introduction 
Two-dimensional (2D) materials – i.e. atomically thin crystalline materials, such as 
graphene – offer strong potential for future flexible electronics applications, including 
flexible displays such as touchscreens, smart textiles and wearable biosensors. Due to 
the remarkable mechanical properties and electron mobility of graphene, it is currently 
used as a transparent and flexible conducting electrode [1–3]. The promising flexible 
electronics industry will need atomically thin and flexible semiconductors and 
insulators as well as conductors. This has motivated researchers to explore the 
fabrication and characterisation of atomically thin semiconductors, such as 
molybdenum disulphide (MoS2) [4–8], and insulators, such as boron nitride [9–12] or 
muscovite mica [13–17]. Among all of these, muscovite mica, as a lightweight, low-
cost and flexible transparent material, has been most explored and is used in some 
areas of electronics due to its high chemical/thermal stability and dielectric behaviour.  
The most challenging issue in the practical application of ultrathin films is the transfer 
of these films from the growth substrate to the target substrate. Another important 
challenge is preventing the substrate destruction and sample degradation that occur as 
a result of the present transfer method of applying the wet chemical etching process. 
Mica overcomes this issue and is, therefore, an ideal candidate for the transfer of thin 
films because a sacrificial layer can be removed from the surface of the mica, removing 
any in-process contamination, and then the underlying mica can also be lifted off. This 
guarantees a simple transfer process due to mica’s unique cleavage property that can 
be easily achieved through multiple re-applications of standard adhesive tape [18]. 
This has led to this question: what if voids could be etched into the mica to create 
suspended thin films after transfer with the substrate features of flexibility, dry 
transfer, controllable thickness and transparency? 
When mica is used as an electrically insulating support for the study of nanomaterials 
like graphene, locating small samples repeatedly across several instruments is made 
easier when location grids or markers are etched into the substrate. Typically, these 
need to be deep enough to provide contrast in optical and electron microscopy but not 
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as deep as these proposed trenches to create the voids used for suspending 
nanomaterials. However, both require methods of etching the mica. 
A few studies have demonstrated controlled patterning of mica substrates through 
mechanical or chemical methods. For instance, nanostructured patterns of different 
sizes and shapes have been produced on the surface of mica using the tip of an atomic 
force microscope (AFM), which was operated in contact mode by controlling the 
interaction between the tip and the scanning area. By repeatedly probing the tip along 
an established pattern on the surface of the mica, mechanically induced local etching 
could be detected at the atomic scale [16,19].  
However, this technique was attempted in this work but was found to have a limited 
etching depth and to produce extra flakes when the mica was drilled, which created 
another issue of the disposal of these unwanted flakes on top of what was already a 
time-consuming process. Figure 7.1 shows square holes of 2 μm x 2 μm produced by 
mechanical etching on mica surfaces using the tip in contact mode by applying a force 
of 1.14 μm and repeating the scanning to increase the hole depth: a) the first scan 
produced a hole with a depth of 4 nm; b) repeating the scan three times produced a 
depth of 7 nm; c) a non-uniformly shaped hole was created via scanning five times 









Conventionally, mica patterning by wet etching using hydrofluoric acid (HF), as mica 
is a hard material to etch, may introduce some contamination to the 2D materials. Thus, 
to avoid acid etching in the fabrication process, a resist can be used as the sacrificial 
layer instead with dry etching, which may solve this drawback. Plasma has been used 
Figure 7.1: Mechanical etching of mica substrate using AFM tip. 
Controlling the hole depth by tuning the scanning times: a) one, b) 
three, and c) five scan times.  
a) c) b) 
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to etch mica without a mask or by using a physical mask, such as transmission electron 
microscopy (TEM) grids of different sizes. [20–25]. However, this method obstructs 
the nanostructure design and requires a hazardous solvent. 
The limitation of designing a photolithography mask to pattern a substrate can be 
overcome by using electron-beam lithography (EBL). Typical EBL systems use an 
electron beam to sequentially write each feature in the pattern, whereas in 
photolithography, the entire pattern is illuminated at the same time for a few minutes. 
The advantages of EBL include small feature sizes of 10 nm or less, which typically 
take a longer of period time, i.e. almost hours, to pattern [26]. In addition, the mask is 
designed by easily adjustable software, whereas photolithography requires a physical 
mask designed by specialist companies. However, mica has not yet been patterned 
using the electron beam lithography technique. Photolithography has been used for 
selective-area fluorination and modification of surface free energy on mica [27] but 
not for the required etching. 
Here, the substrate fabrication process was refined and iterated many times over the 
course of the PhD, and a method for etching mica using lithography was established 
for the first time. There were too many iterations for them all to be shown in this thesis. 
However, the principal challenges that were faced and their resolutions are discussed 
below along with the experiments performed to understand each issue. These are all 
brought together in the final section, which shows the successful final method for the 
patterning lithography (PL) etching of mica, the first report of such a process. After 
that, the successfully patterned mica characteristics using optical microscopy and 
AFM techniques are demonstrated. Finally, the suspended graphene sheets on the 
patterned mica substrate are presented. We believe this work represents the first 
lithography of a mica substrate as well as the first suspended graphene on patterned 
mica. 
7.2 Experimental methods 
As described in Chapter 2, the process of lithography starts by coating a substrate 
surface with an exposure-sensitive material. Then, a patterned mask is applied to the 
substrate to block exposure of some areas; thus, unmasked regions of the resist will be 
exposed. A developer, i.e. a solvent, is applied to the surface to remove unhardened 
areas. In the case of a negative resist, the exposed regions, i.e. the unmasked regions, 
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will harden, and the developer will only dissolve the areas that were not exposed, 
leaving behind a coating in the regions where the mask was not placed. In contrast, 
with a positive resist, the exposed areas will be degraded, and the developer will 
dissolve away the areas that were exposed, leaving behind a coating where the mask 
was placed.  
Figure 7.2 below shows the main stages, including the lithography and etching. To 
start, the desired mask was drawn using the Raith software. Then, the sample 
preparation started: fresh, horizontally cleaved mica substrate was immediately coated 
with a negative (positive) electron resist using a spin coater. After that, pre-exposure 
baking (a soft bake) occurred to improve the adhesion between the resist and the 
substrate [28]. Subsequently, the sample was loaded into a Raith e-LiNE chamber. 
After all the required alignment and exposure settings were completed, the sample was 
left for the required time until the exposure was complete. Once the sample was 
removed from the chamber, the post-exposure bake (PEB) (a hard bake) was required 
in order to increase the thermal, chemical and physical stability of the developed resist 
structures [29,30]; however, PEB was not required in the case of a positive resist. Next, 
the sample was left for a few minutes to hydrate – a delay for water resorption. 
Development was then performed to dissolve the unhardened masked regions and 
leave the hardened unmasked regions behind. Then, the etching process began, with a 
reactive ion etcher (RIE Oxford Plasma Lab 80 Plus) used for plasma etching, a form 
of dry etching, to etch the unprotected resist regions. Finally, all remaining layers were 
removed using stripper solvents. However, corresponding to the issues that were faced, 
these stages were adjusted, with changes in the types of chemicals used, the 












7.3 Results and discussion 
7.3.1 The problem of the adhesion between the mica and the resist 
layer or any other layer 
The first significant issue faced in patterning the mica was the poor adhesion between 
the mica surface and any overlayer. This was observed when a sample of a fresh, 
horizontally cleaved mica was coated with AZ nLOF 2070 (purchased from 
MicroChemicals), a negative resist. After performing electron-beam (e-beam) 
exposure and the development process in the diluted developer of AZ 726 MIF 
(purchased from MicroChemicals), the optical microscopy did not detect any patterns 
on the mica surface, as the developer had completely removed the entire pattern. 
Therefore, the resist adhesion and substrate pre-treatment were investigated in the next 
step to eliminate this major issue.  
However, when the same recipe and the same EBL setting were tested on a silicon 
substrate (washed with acetone, isopropyl alcohol (IPA) and deionised (DI) water and 
dried with a nitrogen gun), the optical image showed that the pattern was deposited 
and developed successfully, with four different pattern areas with varying exposure 
doses (20, 30, 40, 50 μC/cm2) (see Figure 7.3). 




In order to solve this issue and improve the adhesion between the mica and the resist, 
an extra adhesion layer was deposited on the mica substrate prior to the application of 
the resist. For example, chromium (Cr) sputter deposited on the mica substrate was 
considered an adhesion layer. Here, a 10-nm-thick coating of Cr sputter (Quorum) was 
deposited between the mica surface and the resist layer, which improved the adhesion 
between the layers. Then, exposure was performed, and the sample was developed in 
diluted AZ 726. After a few seconds in the developer, the pattern visibly started 
peeling off from the mica, as shown in the optical image below (Figure 7.4), and within 
a minute, the pattern had disappeared. This suggested either poor adhesion between 
the Cr and mica, or that the mica was being etched in the Tetra Methyl Ammonium 







Figure 7.3: Optical microscopy image of silicon/nLOF 2070 resist 
by e-beam lithography with four different exposure doses a) 20, b) 









For this reason, a set of experiments was designed to test the adhesion of the Cr and 
mica using a different treatment on the mica as well as to investigate the different types 
of developers and different preparation methods. The next section will introduce a 
positive resist – poly (methyl methacrylate) (PMMA) – to the sample preparation.  
In this manner, a freshly cleaved mica sheet was coated with 100 nm of Cr, a thicker 
layer than was used in the previous test, with no resist on top. As shown in Table 7.1, 
tests 1, 2 and 3 used the same cleaved substrate without any treatment such as cleaning 
or annealing; however, different types of developers were used. The results indicated 
that none of the developers were promising on the untreated mica.  
In order to remove any contamination that could affect the adhesion, in test 4, the 
sample was treated with a cleaning procedure: to start, the cleaved mica was dipped in 
acetone and then washed with IPA prior to the Cr deposition. This sample was tested 
with the diluted developer methyl isobutyl ketone (MIBK), which is generally the 
recommended developer for PMMA (tested in the experiments explained in the next 
section). A comparison of the results from tests 3 and 4 using the same developer of 
Figure 7.4: Optical microscopy image of mica/Cr/nLOF 2070 resist. 




MIBK demonstrated that the cleaning procedure by solvents had no beneficial effect 
on the Cr/mica adhesion. In contrast, when comparing the results of tests 5 and 6, when 
the mica substrate was treated with annealing at 200°C for two minutes before Cr 
deposition and two different types of developers were used, the results were promising.  
 
 Table 7.1: Test the adhesion of mica /Cr 100 nm using different treatment 
 
The results reported here indicate that the annealing improved the adhesion between 
the Cr and the cleaved mica substrate. In case the substrates had become contaminated 
with organic impurities, a cleaning process was performed using acetone and IPA 
solvents. This step was carried out in test 4 but did not successfully improve the 
adhesion, which indicated that no organic impurities were present. Therefore, the best 
strategy to eliminate the adhesion issue was to anneal the cleaved mica at 200°C for 
two minutes before depositing the layer of Cr. From here, the substrate surface 
depended on the amount of relative humidity in the environment since a water film 
can be adsorbed immediately. In this work, horizontally cleaving the mica was not 
enough to remove any contamination layer and an annealing step was needed, while 
in another study [27], cleaved mica was sufficient. However, after the substrate was 
annealed, it needed to be cooled before any further deposition steps could take place.  
 Sample/surface treatment     Developer         Results 
Test 1 
Cleavage of mica; Cr 
deposition 
 
diluted AZ 726 
 
After a few seconds, 










Cleavage of mica; 
acetone/IPA cleaning; Cr 
deposition 
Test 5 Cleavage of mica; 
annealing at 200°C for two 
minutes; Cr deposition 
 
Cr present after one 
minute Test 6 




7.3.2 The problem of pattern invisibility under optical microscopy 
The next issue was the inability to detect the pattern on the mica substrate using optical 
microscopy. This issue arose when the recipe of the sample preparation was changed. 
It was important to optimise the recipe to test whether or not the mica surface 
successfully adhered to any layer. Here, Cr was used as an adhesion promoter and 
modified the substrate surface with regard to the optimised resist wetting and adhesion. 
While the Cr layer successfully adhered to the annealed mica surface, it was important 
to check if this included the adhesion of the resist to the mica substrate – the resist 
would be on top of the mica. Thus, for comparison purposes, a different order of coated 
layers was used to confirm the successful adhesion of any layer onto the mica surface. 
To start, the mask was drawn with the Raith software; then, the mica substrate was 
cleaved, followed by the annealing process. Next, the mica substrate was coated with 
PMMA resist (MicroChemicals) using a spin coater, followed by the soft bake. After 
that, a Cr layer was deposited on sample 1 (S1) (mica/PMMA/5 nm Cr). The same 
parameters of the cleaved/annealed mica, Cr thickness and PMMA layer were applied 
to a second sample (S2) (mica/5 nm Cr/PMMA); however, the Cr layer was the first 
layer, followed by an e-resist layer. The PMMA resist was chosen because it can 
process any layer in white light; however, negative resist nLOF 2070 is sensitive to 
white light and, therefore, had to be processed and developed in yellow light. After the 
sample preparation, e-beam exposure was carried out. The exposure to the e-beam 
divided the polymer into fragments that could be dissolved in developer MIBK. 
However, MIBK is a very strong developer when used alone and may remove some 
of the unexposed resist. Thus, a mixture of one part MIBK to three parts isopropanol 
was used. The sample was then rinsed with pure IPA and dried with a nitrogen gun.  
Here, S2 only required developing to pattern the resist layer, while S1 required the Cr 
layers to be removed first using Cr etchant (purchased from MicroChemicals), 
followed by developing to pattern the resist. However, the pattern in S2 could be seen 
by optical microscopy (HVX- x50), while that in S1 could not be seen, leading to 
another problem. In Figure 7.5 (left), optical microscopy did not show the pattern in 
S1, but after optimising the contrast (right), the pattern was shown, with the Cr layer 
reflecting the light. The lithography processes for both samples are shown in Figure 
7.6. Both samples were successfully patterned using different preparation recipes. This 
confirmed that the cleaved/annealed mica surface adhered well to any layer on top of 
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it, with or with without using an adhesion promoter between the mica and the other 
layer. 
 
Figure 7.5: Optical microscopy image of S1 (mica/PMMA/Cr). 
Left: the pattern is invisible under the normal settings of optical 










Cr (5 nm) 
S2 
Figure 7.6: Optical microscopy image of the lithography of the 
patterns in the mica in different prepration processes coated the 




7.3.3 Testing recipes  
After the adhesion issue between the mica and coated layers was tackled and the 
settings for the optical microscopy for detecting the patterned mica were optimised, 
the lithography recipes to pattern the mica substrate were established. 
A: Lithography process steps for the first recipe 
This section describes the establishment of the preparation recipe, exposure dose, 
baking and developing time and plasma etching parameters.  
Initially, the mica disk substrates were cleaved horizontally and then annealed at 200˚C 
for two minutes to remove contamination. It should be noted that it was necessary to 
be very careful with the mica substrates, as they were transparent, and to keep track of 
the front side, i.e. the freshly cleaved side, of the samples. Next, to prevent the mica 
surface from reacting with any chemical processes such as a developer, which could 
slow the etching of the surface, a layer of PMMA A4 495 was spin-coated at 4,000 
rpm for one minute on top of the substrate. The substrate was then baked on a hotplate 
at 180˚C for two minutes, and the resist was 200-nm thick. Then, the negative resist, 
AZ nLOF 2070 for e-beam, was spun at 4,000 rpm for 40 seconds on the substrate, 
followed by the soft pre-exposure bake at 100˚C for one minute; the resist thickness 
was 500 nm. These two layers of resist dramatically improved the lithography yield. 
Subsequently, the sample was loaded into a Raith e-LiNE chamber. After completing 
all the required alignments  (all alignments were done on very small features on the 
corner of the sample), e-beam exposure was performed at 5 kV acceleration with a 60-
µm aperture. The exposure dose will be explained later in the thesis. After the PEB, 
i.e. the hard bake, at 110˚C for one minute, the sample was left for five minutes to 
hydrate, a delay for H2O resorption. However, both the pre- and post-exposure baking 
times required further optimisation, as an issue arose during these processes.  
Next, development was performed with a concentration of a diluted developer at 2:1 
AZ 726 MIF: DI water, followed by 1:1 and 1:2 concentrations. Finally, the sample 
was quickly rinsed in pure DI water and then dried with a nitrogen gun. The best 
developing time was tested later, corresponding to the optimisation of the baking 
times. 
For the purpose of transferring the patterns onto the PMMA film, the plasma etching 
was performed in two steps. Before the sample was loaded into the plasma chamber, 
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the chamber’s cleaning process was carried out using oxygen plasma (100 sccm O2, 
100 W, 100 mTorr for 15 min). After the sample was loaded into the clean chamber, 
the first process of etching was performed using oxygen to etch the PMMA layer. This 
was followed by the second step of etching the mica in tetrafluoromethane (CF4) and 
an argon (Ar) atmosphere; the Ar was used to reduce the damage done to the surface. 
The etching recipes were later investigated further by changing the etch 
time/power/pressure. 
A1: The problem of deformation of the pattern at different exposure doses 
After the sample was prepared and loaded into the e-beam chamber, another issue 
arose: the pattern appeared to not be drawn properly. This issue worsened as the 
exposure dose increased. Therefore, the exposure dose had to be considered a starting 
point for the individual process optimisation. For a given dose, the minimum exposure 
time for a given area was calculated by the following formula: 
𝐷. 𝐴 = 𝑇. 𝐼, 
where T is the time of exposure to an object, which can be divided into exposure 
time/step size, I is the current pulse, D is the dose and A is the exposure area. 
If the exposure dose was too high, due to scattering, the resist became more and more 
insoluble in the developer. If the dose was too low, the remaining resist thickness 
decreased more and more at the areas where the resist patterns needed to remain. The 
dose had to be carefully optimised for every type of substrate because the scattering of 
electrons can be different on different substrates. In this section, we examined two 
groups of exposure doses, as this was a significant parameter. Therefore, in testing, the 
range of the dose went from 20 to 100 μC/cm2 and was divided into two groups. To 
start, an examination of the group with exposure doses of 100 μC/cm2 showed that the 
dose was too high, and the pattern was not drawn (see Figure 7.7). In the second group, 
the maximum dose was 50 μC/cm2, with doses of 20 and 50 μC/cm2. With the dose of 
20 μC/cm2, the pattern was almost written, but the dose of 50 μC/cm2 did not result in 
more details being drawn. Therefore, for both samples, this recipe did not successfully 
draw on the mica substrate due to the charging effect. Figure 7.8 shows the comparison 




A substrate for EBL must satisfy many requirements and be comparatively conductive. 
For insulating substrates, the wafer can build up an electric charge that could deform 
the e-beam and deflect the drawn pattern. To reduce these effects on mica, a thin metal 
layer, typically chromium (Cr) or gold (Au), can be deposited either between the 
substrate and the resist layer or on top of the resist [31]. This is to avoid the charging 
effects, which would result in the loss of patterning accuracy. For comparison 
purposes, the same preparation process (silicon/PMMA/nLOF 2070) and e-beam 
settings (5 kV acceleration, 60-µm aperture, dose 50 μC/cm2) were applied on a silicon 
substrate. The pattern was successfully developed on the sample 
(silicon/PMMA/nLOF 2070), as shown in Figure 7.9, where the details such as boxes 
and column header text are visible which means the substrate has been etched. 
Figure 7.7: Optical microscopy image of sample 
(mica/PMMA/nlof2070) with exposure dose 100 μC/cm2 at different 
magnifications  
Figure 7.8: Optical microscopy image of samples 




However, the same recipe did not work when applied to the mica substrate, which 
confirmed that the substrate type played a role. 
 
Here, the sample preparation process was repeated on the mica substrate but with the 
addition of a Cr layer. This meant the lithography recipe required several additional 
steps in the process, including adding the Cr layer and etching this layer. The summary 
of the lithography and plasma etching processes is demonstrated in Figure 7.10. First, 
cleaved/annealed mica substrates were coated with PMMA (stage A) and then baked 
at 180˚C for two minutes; 5 nm of Cr sputter was then deposited (stage B). The 
negative resist deposition (stage C) was followed by pre-exposure soft baking at 100˚C 
for one minute (stage D). The e-beam exposure occurred in stage E, followed by the 
hard bake at 110˚C for one minute (stage F) and the developing in diluted AZ 726 
(stage G). A Cr etchant solvent was used to open the window in the Cr layer (stage H). 
Next, the reactive ion etcher (RIE) dry plasma was used to etch the PMMA layer (stage 
I), followed by the dry etching of the mica (stage J). Finally, all layers were stripped 
with dimethyl sulfoxide (DMSO) (stage K).  
Figure 7.9: Optical microscopy image of EBL 




After the sample (mica/PMMA/Cr/nLOF) was prepared, the e-beam exposure was 
tested. Two groups of exposure doses were examined. The maximum dose of S1 was 
20 μC/cm2, with doses of 8, 12, 16 and 20 μC/cm2. The maximum dose of S2 was 50 
μC/cm2, with doses of 20, 30, 40 and 50 μC/cm2, as shown in Figure 7.11. Note: there 
are steps within the pattern that were produced when the mica was cleaved.  These 
steps are not part of the pattern.  One drawback of mica is that steps or terraces appear 
across the surface.  It is not possible with EBL to select the area in which the pattern 
will be drawn.  Although the alignment is done with electron microscopy, the beam 
can never be allowed to move to the main write area to image the sample, without 
causing premature exposure.  Therefore, the alignment is performed on the edges of 
the substrate, and the system later patterns in the middle of the sample, even if that 
region contains a step.  During exposure, only small patterns were drawn to reduce the 
exposure time, which meant that if the pattern ended up being exposed on a step, there 
was no other area to image.  However, once a recipe is established, it is possible to 
repeat the pattern over the entire mica surface, where only step-free regions would be 
used for graphene investigation.  
Figure 7.11 shown after developing for 10 seconds, the pattern was successfully drawn 
on the mica substrate. Then, AFM was used to measure the height of the patterned 




























































features, and the results indicated that the dose of 20 μC/cm2 had the deepest height 
and best resolution compared to the other doses. From here, it was confirmed that 20 
μC/cm2 was the optimal exposure dose for the sample (mica/PMMA/Cr/nLOF). 
 
A2: The problem of significant erosion of the pattern caused by the developing time 
Once the pattern on the sample (mica/PMMA/Cr/nLOF) was successfully drawn by 
EBL, the developing time was considered. If the developing time was incorrect, the 
pattern would not appear in any layer; it would not develop in the nLOF, the Cr would 
not etch and the plasma etching would not remove any PMMA. The standard 
developing time for negative resist nLOF 2070 of 500-nm thickness is between 30 
seconds and one minute, while in the previous sample (Figure 7.11), it was 10 seconds. 
Therefore, it needed to be increased by up to one minute. When the sample was 
developed for 30 seconds, it led to erosion in the pattern (see Figure 7.12, left). This 
issue worsened when the developing time was increased to one minute, as shown in 
Figure 7.12 (right; note the step on the pattern produced from mica cleavage). That 
meant that the parameter for the preparation procedure should be optimised. In the 
standard baking time of nLOF 2070, both the soft and hard baking times are one 
minute. If the baking time pre-exposure is too short, it results in a rather bad resist 
adhesion and a very high development rate. If the baking time post-exposure is too 
short, a significant erosion of the exposed resist in the developer is observed. 
Therefore, here, the baking time was adjusted to be two minutes instead of one for 
Figure 7.11: Optical microscopy sample of 
mica/PMMA/Cr/nLOF. Left: S1, maximum dose of 20 μC/cm2. 
Right: S2, maximum dose of 50 μC/cm2. The steps within the 
pattern were produced when the mica was cleaved, as discussed. 
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both the pre- and post-exposure to make the development more stable. Figure 7.13 
shows the successfully developed pattern within one minute. To bring all the tested 
parameters together for the sample (mica/PMMA/Cr/nLOF), the baking time was two 
minutes, the developing time one minute and the exposure dose 20 μC/cm2. The stages 
from A to G shown in Figure 7.10 were achieved. Moving to stage H was done by 
using a Cr etchant solvent to etch the Cr layer (4 nm/second), which was then rinsed 
twice in DI water and dried with a gas gun. Then, stages I and J were carried out using 
plasma etching in the next section. 
 
 
Figure 7.12: Optical microscopy image of sample 
(mica/PMMA/Cr/nLOF). Developing time: left: 30 s, right: 60 
s. The erosion in the pattern increased with the increasing 
development time. Again note the step on the pattern is 
produced from the mica cleavage. 
Figure 7.13: Optical microscopy image (mica/PMMA/Cr/nLOF) of  
baking time of two minutes for both the soft and hard bakes. Developing 
time: one minute for exposure dose 20 μC/cm2 
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A3: The problem of not etching the PMMA layer 
Plasma etching is dependent on the process parameters, which are the radio frequency 
(RF) power, pressure and etching time. Each parameter needs to be optimised. After 
the development process, followed by the etching of the Cr layer using the solvent 
already described, plasma etching was performed. There are two steps required. First, 
the plasma etching must transfer the pattern in to the PMMA overlayer, and, second, 
the etch must continue through into the harder mica. Here, we tested a variety of these 
plasma etching process parameters for the sample (mica/PMMA/Cr/nLOF), but the 
PMMA layer initially failed to etch.  
Once the sample was loaded into the chamber, the first process of etching was 
performed for the PMMA layer using oxygen with a flow rate of 18 sccm; the plasma 
was generated at an RF power of 100 W and a pressure of 50 mTorr for two minutes. 
This was followed by the second etching, intended to shallowly etch the mica 
substrate, in CF4 and an Ar atmosphere with a flow rate of 20 sccm for the CF4 and 3 
sccm for the Ar (power 100 W, pressure 50 mTorr) for two minutes [27]. Typically, 
the sample was examined by an optical microscope after the dry etching process to 
investigate whether the pattern of PMMA/Cr/resist characteristics could be observed. 
If there was no pattern, this meant the plasma had been too aggressive and the layers 
had been removed. If the pattern was present, the next step could be carried out. After 
successful plasma patterning, the sample was placed in stripper DMSO D350 
(MicroChemicals) in a hot 60˚C beaker for an hour with a covered lid to remove the 
resist. It was then cleaned in acetone and IPA and dried with a nitrogen gun. The 
sample was then characterised by optical microscopy, and if there was no pattern, the 
RIE plasma etching recipe had failed to etch the mica. In this work, the pattern was 
observed by optical microscopy after the dry etching, but the pattern was not present 
after stripping the layers using the DMSO D350 solvent. This implied that the PMMA 
was still not etched properly yet and that the plasma had not reached the mica surface.  
Thus, this plasma recipe was adjusted to pattern the PMMA layer. First, O2 plasma 
was used as a ‘window opening’ step; a low-pressure process in the range of 5 to 20 
mTorr was used, and the power was reduced to between 30 and 40 W to get better 
control of the PMMA etching. The oxygen flow was increased from 5 to 15 sccm, 
within range of the etching time of between two and six minutes. All these recipes 
failed to pattern the PMMA, and, subsequently, the mica layer was unsuccessfully 
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etched. Although the Cr layer was no more than half the thickness of the PMMA, it 
was still difficult to etch the PMMA layer. Typically, PMMA has poor strength 
resistance to plasma etching, but, in this work, it had good resistance. It could have 
been that the annealing step in the final few stages changed the PMMA’s properties, 
as baking is one of the solutions that other studies have used to improve the poor 
etching selectivity of PMMA.  
B: Ultraviolet (UV) photolithography process steps for the second recipe 
As there were issues in etching the PMMA layer, the experiment was repeated, 
replacing EBL with UV lithography. Photolithography is a much faster technique to 
rapidly expose and test more process parameters to obtain an optimal recipe that could 
later applied on EBL. Here, the PMMA layer was not used in the preparation recipe 
because of the problems with etching described above; in this case, the Cr layer was 
used as a mask to protect the mica surface.  
As shown in Figure 7.14, mica disk substrates were cleaved and annealed. A Cr layer 
was deposited on top of the substrate; however, the Cr layer was adjusted to be thicker 
than 5 nm (different thicknesses were tested later) in order to be as a hard mask to 
protect the mica from the plasma etching process and the resist developer solvent. In 
addition, without the hard mask, the pattern could not survive with high plasma power 
either. Here, the Cr layer was chosen to be on top of the mica rather than the photoresist 
(PR), as the order of this sample preparation recipe could not be reversed for two 
reasons. First, the developer solvent could etch the mica; therefore, there had to be a 
layer between the mica and the PR. Second, the negative resist AZ nLOF 2070 is 
sensitive to white light, and, therefore, it had to be deposited after the Cr layer. Next, 
the AZ nLOF 2070 was deposited, followed by soft baking at 100˚C for two minutes 
and then UV exposure at 25 mW/cm2. After that was the PEB at 110˚C for two 
minutes; then, the sample was left for five minutes to hydrate. Following that, the 
sample (mica/Cr/nLOF) was developed in diluted 2:1 AZ 726 MIF:DI water for one 
minute, followed by a lower concentration of the developer, and was then rinsed with 
DI and dried, as mentioned previously. The next step was to leave the sample in Cr 
etchant solvent for an elevated amount of time (4 nm/second) depending on the 
thickness of the Cr; then, it was rinsed twice in DI water and dried. Then, plasma 
etching, resist stripping (different type of strippers were tested later) and Cr stripping 
were performed. However, these three stages were further optimised in 
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correspondence with the issues in the next section to overcome the difficulties of 




B1: The problem of the resist hardness after RIE 
Here, cleaved annealed mica was coated in a 25-nm-thick Cr layer; then, the PR was 
deposited on the sample. After that was the processing of the photolithography, 
including UV exposure, developing and Cr etching, as mentioned above. After 
cleaning the RIE chamber, CF4 and Ar gases with a flow rate of 40 sccm and 10 sccm, 
respectively, were applied under RF power 150 W with pressure 50 mTorr for two 
minutes and then optical microscopy was used to check if the pattern was still present. 
If it was, the next step was carried out: the stripper DMSO was used for one hour to 
remove the remaining PR and then strip the Cr layers to detect whether the mica 
surface had been etched or not. As in Figure 7.15 (left), the pattern was still present 
after the plasma etching. However, DMSO was unable to strip the PR layer, even after 
four hours. This could have been due to the fact that the plasma affected the PR much 
more, as shown in Figure 7.15 (right). Therefore, stronger strippers, including types 
P1316 and NI555, were tried but caused peeling on the mica surface itself. It is very 
important to strip PR correctly to pattern the mica surface. Thus, in the next 
experiment, the order of the stages was changed by stripping the PR before plasma 
etching. In this case, only the Cr layer on top of the mica were remained while the 
resist was removed completely before the plasma will performed. As shown in Figure 
7.16 (left), the pattern after an hour in the stripper (right) was clean, and no resist layer 
remained after the plasma etching. Thus, from here, the sample (mica/Cr/nLOF 2070) 

















Figure 7.14: Scheme of patterning process of mica/Cr/negative 
resist nLOF 2070 using UV exposure. 
Develop 
Cr 
etching RIE Stripping 
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B2: The problem of shallow etching mica 
Shallow etching of the mica substrate in the sample (mica/Cr/nLOF 2070) was another 
problem that required a solution. After the UV photolithography process was 
completed, including the exposure, developing, Cr etching and resist stripping as 
mentioned above, the plasma etching process was performed with 40 sccm of CF4 and 
Figure 7.15: Optical microscopy image of mica/Cr/resist. Left: 
mica after dry plasma stage. Right: mica after PR stripper DMSO 
for four hours 
Figure 7.16: Optical microscopy image of mica/Cr/resist   Left: 
mica after stripper for one hour. Right: mica after dry etching.  
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10 sccm of Ar by applying a power of 150 W and pressure of 50 mTorr. After the dry 
etching, whether or not the pattern was still present had to be checked, as now the Cr 
layer was exposed to the plasma without any PR layer. From the previous experiment 
with an etching time of two minutes, the Cr layer was still visible, meaning that the 
plasma had not removed the Cr layer, and the etching time could be increased to five 
minutes. The purpose of increasing the time gradually and testing if the Cr layer was 
still present was to ensure that the Cr was not being etched by the RIE. If the plasma 
was too aggressive, the Cr layer would be etched but the mica would not be. Figure 
7.17 shows the process of photolithography and mica etching, starting with a) after 
developing the pattern and Cr etching; b) stripping the PR using DMSO for one hour; 
c) after dry etching for five minutes; and, finally, d) after the Cr layer was stripped to 
eventually show the etched mica surface. Note mica cleavage caused the steps on the 
pattern. Figure 7.18 shows images of the sample (mica/Cr/resist) and (left) the 
scanning electron microscopy (SEM) for a horizontal line of sidewall in very shallowly 
etched mica. Figure 7.18 (right) shows the optical microscopy image for the same 
sample; the dashed line shows an example of a sidewall-etched pattern in the mica. 
The pattern is not fully clear in the optical image due to the transparency of the mica 
substrate, and it is difficult to organise the shallowly etched features. Note that it is the 
same area as in Figure 7.17 (d) but with higher magnification. However, to improve 











Figure 7.17: Optical microscopy image (mica/Cr/nLOF 2070)  of a) after 
development and Cr etching, b) after PR stripping, c) after plasma 
etching, and d) after stripping the Cr layer. The steps on the pattern 
produced from mica cleavage 
PR 
Mica 





B3: Optimisation of RIE parameters 
As the mica had now been etched by a few nanometres, the plasma parameters needed 
to be increased, as did the thickness of the Cr layer (from 25 to 70 nm). This was to 
ensure that the Cr layer was not etched completely and that the mask was not lost. The 
flow rate of the gases was CF4 at 50 sccm and Ar at 20 sccm; the power was 200W, 
the pressure was 100 mTorr and the etching time was two minutes. The AFM 
measurements were taken after the stage of photolithography, after the etching and 
after the Cr stripping to demonstrate the etch rate of the mica. The height of the 
patterned sample before the dry plasma was around 69 nm. After the RIE, the height 
was around 60 nm, and after the Cr layer was stripped, the depth was 10 nm for the 
mica surface. This indicated a ~7:1 etch ratio for Cr:mica, which was expected because 
of the hardness of mica and its resistance to plasma etching. Figure 7.19 shows the 
optical image of the mica/70 nm Cr/nLOF 2070 (left) after plasma etching and (right) 
the etched mica substrate after the stripping of all the coated layers; the dashed line is 
Figure 7.18: (Left) SEM image of shallow-etched mica surface 
prepared by mica/25 nm Cr/nLOF 2070). The upper part of the image 
is unetched, the horizontal line is the sidewall, and below that the 
trench of the etched line.  (Right) The same sample with optical 
microscopy; the dashed line shows the orientation of the faint stripes, 




to guide the eye, as the pattern is not fully clear in the optical image because of the 




Then, the same procedure from the previous experiment on the mica/70 nm Cr/nLOF 
2070 was used but the thickness of the Cr layer needed to be increased to subsequently 
increase the etching time to increase the etch depth for the mica. Thus, all the 
parameters for the dry etching could remain the same as above (200 W power, 100 
mTorr pressure, 50 sccm CF4 and 20 sccm Ar), with the only change being an increase 
in the etch time of up to 10 minutes. As a result of finding the Cr: mica etch ratio of 
~7:1, the thickness of the Cr layer was increased by depositing 250 nm instead of 70 
nm. After the RIE, the height of the sample was around 270 nm as shown in figure 
7.20, including the depth of the Cr layer and etched mica. After the Cr layer was 
stripped, the optical image showed successfully etched mica substrate. AFM 
confirmed the depth of the etched mica substrate as 40 nm in Figure 7.21. However, 
comparing with Figure 7.19 (right) the etched vertical stripe had to be indicated by 
overlain lines, but here the etch is deep enough to provide clear optical contrast, 
directly confirming the etch depth increase in advance of AFM profiling. Eventually, 
Figure 7.19: Optical microscopy image of mica/70 nm Cr/nLOF 
2070. Left: the pattern after dry etching. Right: the etched mica of 
10 nm after stripping of all the coated layers. The dashed line shows 
an example to guide the eye to an etched trench in the mica 
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it was possible to repeat this method using EBL as the mica had been etched 






Figure 7.21: Left) Optical microscopy image (mica/250 nm Cr/nLOF) of etched 
mica substrate.  The increased depth provides more optical contrast. Right) AFM 
profile of the etched mica as the line scan ion the optical image. 
Figure 7. 20: Left: Optical image of (mica/250 nm Cr/nLOF) after RIE. 
Right) AFM measurement of the etched mica corresponding to the line scan 




C: Final lithography process  
Here, the lithography procedure repeated the same method as the successful UV 
photolithography process. It started with a cleaved/annealed mica disk; a thick layer 
(~250 nm) of Cr was deposited on top of the substrate. Then, a negative resist e-beam 
AZ nLOF 2070 was applied to the sample and spun at 4,000 rpm for 40 seconds, 
followed by a soft bake at 100˚C for two minutes. After that, the sample exposure was 
performed at 5 kV acceleration, a 60-µm aperture and a beam current of around 0.32 
nA with a maximum dose of 50 μC/cm2 to examine the depth of mica etching under 
different exposure doses. After the PEB at 110˚C for two minutes, the sample was left 
for five minutes to hydrate. Next, the development was performed with a concentration 
of the diluted developer in 2:1 AZ 726 MIF: DI water for one minute, followed by 1:1 
and 1:2 diluted developer. Finally, the sample was rinsed quickly in pure DI water and 
then dried with a nitrogen gun.  
The next step was to etch the Cr layer using solvent and then rinse it twice in DI water 
and dry it with N2 gas. The resist was stripped for an hour in hot DMSO. It was then 
cleaned with acetone and IPA and dried with a N2 gun. Then, dry etching was 
performed with CF4 (50 sccm), Ar (20 sccm), 200 W power, 100 mTorr pressure and 
an etching time of 10 minutes. Finally, the Cr stripper removed the remaining Cr layer, 
and it was rinsed twice in DI water and dried with N2 gas. Figure 7.22 shows most of 
these stages, starting with a) drawing the pattern in the software (the maximum 
exposure dose was 50 μC/cm2 including 40, 30 and 20 μC/cm2). The next stage was 
developing for b) 30 seconds, while the best developing time was one minute, shown 
in c). After the Cr etching and resist stripping, dry plasma was performed as shown in 
d). Finally, the stripped Cr and etched patterned mica substrate was obtained; e) and f) 
presented different etched areas. Note that the centre of the patterns always shows the 
best result as the coated layers, such as the resist and Cr layers, may not have deposited 
uniformly over the whole surface; thus, Cr was still remaining in some areas. To 
examine the best exposure dose, AFM was performed. Figure 7.23 shows the AFM 
images for different exposure doses in the range of 20 to 50 μC/cm2. The pattern in 
these doses showed a nearly similar depth, but among them, the exposure dose of 40 
μC/cm2 provided the deepest holes in the mica substrate of 35 nm as shown in AFM 




Figure 7.22: Optical microscopy image of patterning EBL for mica 
substrate. Sample of mica/250 nm Cr/nLOF 2070. a) Pattern drawn with 
software (dose of dark blue is 20, light blue is 30, green is 40, red is 50, 
μC/cm2). b) After developing for 30 seconds. c) After developing for 
one minute. d) Post RIE. e) and f) Different areas of etched mica after 



















Figure 7.23: AFM images for mica patterned at different 
exposure doses a) 20, b) 30, c) 40 and d) 50 μC/cm2 
c) 
Figure 7. 24:AFM profile for mica patterned at different exposure 
doses a) 20, b) 30, c) 40 and d) 50 μC/cm2 
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Figure 7.25 shows the optical image for another example of patterned mica with 
exposure to dose 40 μC/cm2 at different magnifications. The boundary of the etched 
pattern is indicated with the arrow, and are straight as intended.  The curvy lines are 
cleavage-induced steps. In addition, AFM showed a hole size of 2 μm x 2 μm with 1 
μm separation. The depth of the hole for this sample was indicated as 35 nm deep, as 
shown in Figure 7.26. 
Finally, the mica substrate was etched successfully. Typically, researchers etch mica 
substrate using the hazardous solvent of HF acid, but, here, in this work, the mica 
surface was etched with none of this solvent and the pattern was controlled by EBL 
without using a physical mask such as TEM grids or UV masks. 
 
 
Figure 7.25: Optical image of patterned mica substrate at different 
magnifications, indicated with arrows as the fainter lines. Note, 




7.3.4 Suspended graphene on mica substrate  
The goal of this entire thesis was to be able to pattern mica using EBL and then deposit 
graphene. Therefore, the final step was to check whether it was possible to 
mechanically exfoliate graphene onto the now successfully etched substrates. 
After the sample was patterned with EBL and plasma etching, the patterned mica 
substrate was annealed at 200°C for two minutes to remove any layers of 
contamination. The mechanically exfoliated graphene was transferred to mica, as 
described in Chapter 4, using dicing tape. The transfer was successfully achieved and 
was imaged using a number of techniques to confirm the transfer. Figure 7.27 shows 
the same suspended graphene on patterned mica using optical microscopy and SEM 
techniques. The optical microscopy settings were optimised to clearly image the 
graphene sheet on the patterned mica substrate, while SEM showed better contrast to 
image the same sheet. The AFM technique presented more information, as shown in 
Figure 7.28, for another sample of the suspended graphene sheet that was deposited 
on the clean patterned mica surface. However, the patterns were achieved with a slight 
roughness of the holes, which was probably due to either the dry or wet etching of the 
Cr solvent.  
 
 
Figure 7.26: AFM image for etched mica with a depth of 35 nm. 







Electron-beam lithography has become a common choice for device fabrication due to 
its versatile pattern shaping and high resolution at nearly 20 nm. In addition, the fact 
that a physical mask is not required eliminates the time delays and costs associated 
with mask fabrication, which is required with photolithography. Dry etching is a 
Figure 7.27: Suspended graphene on patterned mica substrate. Left: Optical 
image. Right: SEM 




preferable method over wet etching for fabricating structures that display different 
shapes and sizes with a high aspect ratio.  
This work showed the fabrication processes of nanostructures with periodic designs of 
squares and holes, which were created using the Raith software, EBL and plasma dry 
etching. The patterned mica substrate fabrication process was repeated many times due 
to the many obstacles faced; some were solved, and others required some adjustment. 
However, finally, the mica was successfully etched, and the goal of this thesis was 
achieved.  
The successful final method for the PL etching of mica – the first such reported method 
– was presented as mica/250 nm Cr/nLOF 2070. The Cr was used for two reasons: as 
a hard mask to protect the mica surface from the high power of plasma and to prevent 
charging and pattern deformation.  
Cleaning the substrate before resist coating is important for reducing surface 
roughness, as it removes contamination; it also increases the resist homogeneity by 
eliminating contaminants and causing the resist adhesion to increase. Here, this was 
achieved by annealing to remove the water layer; due to the high humidity in the clean 
room, no further solvent treatments were required. Moreover, the baking time for 
negative resist nLOF 2070 was found be very important to stabilise the development 
process. Pre-exposure baking, i.e. the soft bake, improved the adhesion between the 
resist and the substrate, while the PEB, i.e. the hard bake, was needed in order to 
increase the thermal, chemical and physical stability of the developed resist structures. 
In order to reach the desired resist stability, two minutes for the pre- and post-exposure 
stages was the standard developing time. To recap the successful PL for the mica 
substrate, the exposure at 5 kV acceleration voltage and a 60-µm aperture with a 
maximum dose of 40 μC/cm2 produced the optimal e-beam exposure in this work. The 
pattern was developed in 2:1 AZ 726 MIF: DI water for one minute. The following 
step was opening windows in the Cr layer using the Cr etchant solvent. The resist was 
stripped for an hour in hot DMSO. Then, dry etching was performed with CF4 (50 
sccm), Ar (20 sccm), 200 W power, 100 mTorr pressure and an etching time of 10 
minutes. After that, the Cr stripper removed the remaining Cr layer. Finally, holes were 
created with a diameter of approximately 2 μm and an etch depth of approximately 35 
nm. Good quality patterns were achieved with slight roughness of the holes, which 
was probably due to the etching process. 
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This work has reported the first successful method for the PL etching of mica, which 
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To investigate the electrical properties of 2D systems like graphene, or incorporate 
them into electronic switching or MEMS sensing devices, the nanomaterial must first 
be deposited onto an electrically insulating support. While SiO2 has most commonly 
been used, it has been found that graphene deposited on SiO2 mechanically conforms 
to the rough oxide surface, worsening its electronic behaviour.  In contrast, it has been 
demonstrated that graphene is free of ripples when supported on an ultraflat substrate 
such as mica. Typically, graphene on SiO2 is five times rougher than that on mica.  
Any advances in understanding the use of mica as an insulating support to investigate 
graphene must be compared to SiO2, and this thesis compares both together. 
To use mica as an alternative support for studying mechanically-exfoliated graphene, 
several key challenges remain.  The preparation of the mica and SiO2 supports and the 
deposition of the graphene is critical and this was investigated in Chapter 4.  Several 
methods were tested for cleanliness and the preparation of the mica substrate, 
including environmental effects. Thermal oxidation of silicon was tested, and the 
required exposure recipe determined.  As an electrically insulating support using SEM 
is particularly challenging, and settings were tested and optimised for SEM, optical 
microscopy and AFM. 
Annealing graphene is a key step to remove surface contamination for investigation 
and is used in device fabrication.  Chapter 5 investigated the effects of vacuum 
annealing and substrate morphology on thin and thick few-layer graphene attached to 
mica and SiO2 substrates, using Raman spectroscopy, AFM and SEM. Pre and post 
annealing, mica provided defect-free graphene, due to the flatness of mica substrate; 
no remarkable strain or doping in graphene sheets on mica were detected. On the other 
hand, graphene deposited on SiO2 substrate did show defects. This is a key finding that 
validates the work of this thesis to investigate mica. 
Annealing at low temperatures of 300 °C was sufficient to improve the quality of 
graphene on SiO2 and remove most of the disorder in the graphene sheet. Annealing 
at high temperatures induced a compressive strain in the graphene. The results indicate 
that the deformation in graphene sheet can be increased, altering the structure and 
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electronic properties of the graphene. This impact of annealing and morphology must 
be considered in all graphene studies. This is consistent with previous work.  
Annealing graphene on mica however showed no change in defects; confirming that 
annealing can be carried out without degradation of the graphene – an important 
observation. 
This chapter also observed ‘disappearing graphene’, where few-layer graphene on 
SiO2 can no longer be imaged with SEM after annealing.  In the past other groups have 
attributed this observation to the graphene being blown off, or incorporated into the 
surface.  However, using Raman it was confirmed that the graphene was still there.  
By using AFM aligned to other features, and averaging line profiles, it was determined 
that the ‘disappeared’ graphene was still detectable with AFM, although the 
conformation to the rough SiO2 surface meant the apparent height above the 
background had reduced.  Although not part of the main work, this is an exciting novel 
observation. 
At the end of Chapter 5 unexpected structural changes were observed in the mica 
surface around the deposited graphene after the final annealing step at 500 oC.  This 
degradation caused an apparent height change in graphene post annealing, although no 
defect or strain was present in the graphene sheets. As AFM was only carried out at 
the last stage, Chapter 6 investigated this effect by performing AFM on bare mica after 
every annealing step.  It was found that the structure of the mica substrate changed 
with the temperature. These results show that a few particles appeared in the surface 
structure of muscovite mica at 400 oC, and a noticeable increase of particles was 
present in some of the samples of annealed mica at 500oC. These were determined to 
be potassium carbonate particles, produced from the mica structure itself, as annealing 
causes dehydroxylation in mica. Consideration could be given to whether the graphene 
sheet worked as a mask to protect the mica surface underneath, which would expand 
the field of graphene applications.  For this work, it places an upper limit on annealing 
graphene on mica of 300 oC. 
When mica is used an electrically insulating support for the study of nanomaterials 
like graphene, locating small samples repeatedly across several instruments is made 
easier when location grids or markers are etched into the substrate.  Typically, these 
need to be deep enough to provide contrast in optical and electron microscopy but are 
not as deep as the typical trenches etched to create the voids used for suspending 
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nanomaterials.  Trenches or voids are required for devices which suspend graphene on 
the insulating support, for applications like sensing or MEMS devices.  Chapter 7 
developed a technique to pattern the mica substrate using e-beam lithography, which 
allows the later deposition of graphene samples to create suspended sheets over the 
holes. In this chapter, a variety of issues were overcome, and solutions were suggested. 
As part of the recipe development, photolithography was used as a faster technique to 
examine different pattering recipes.  
A successful e-beam pattering recipe was finally established. This includes a 
chromium (Cr) layer on the top of mica, with many benefits, including improving 
adhesion, and avoiding deformation in the patterning from electron beam charging.  It 
also protects the mica surface from plasma etching, reducing the roughness of the 
substrate. A negative resist mask was deposited on the top of the Cr layer, then the 
lithography process was performed. Next, dry plasma etching was examined at 
different parameters, including the radio frequency (RF) power, pressure, gas flow and 
etching time. After all the deposited layer was removed using solvents, the resultant 
patterned mica was characterised using optical microscopy and AFM. 
At the end of Chapter 7, exfoliated graphene was deposited successfully on patterned 
mica substrate. The suspended graphene sheets were characterised using the 
previously mentioned techniques. As far as the author is aware, this is the only 
demonstration of controlled lithographic etching of features into mica, and also of the 
successful deposition of graphene onto such structures.  The thesis, in conclusion, now 
opens the way for researchers to controllably study the properties of graphene on 
patterned, insulating, mica supports. 
 
8.2 Future work  
Graphene conformation to SiO2 roughness worsens the electronic properties, whereas 
graphene deposited on flat terraces of insulating mica is free of ripples. This thesis has 
addressed several key challenges of using mica to support mechanically exfoliated 
graphene.  Most significantly, patterning and etching mica to create location grids and 
etch trenches to suspend graphene is now possible. Future work can now perform 
electrical and electro-mechanical studies of both and supported and suspended 
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graphene layers to investigate how the electrical properties differ to that of graphene 
suspended and supported on SiO2 substrates.  The reduction in substrate-induced 
rippling is very likely to alter the conductivity of the graphene and it should increase 
with the reduction in charge scattering.  This can be tested. Further, this thesis has 
concluded that graphene on mica should be annealed at 300°C to reduce contamination 
but avoid thermally-induced disorder.  Any electrical and electro-mechanical studies 
should first anneal graphene on mica at this temperature. 
Graphene on SiO2 appeared to become ‘invisible’ with AFM after annealing at 500°C, 
in line with previous observations with scanning electron microscopy. Other studies 
attributed this to the graphene being removed, but, here, using substrate markers, 
Raman spectroscopy and line-averaged AFM showed that the graphene was still 
present but had conformed to the underlying roughness of the SiO2 so well as to appear 
nearly invisible.  Future work can examine this effect for its potential applications in 
transparent conductors, or invisible transceiver use.  The DC and AC electrical 
response should be measured to see whether conformed graphene can still operate 
electrically sufficiently to act as a conductor which is ‘invisible’ from the background 
material.  The ‘invisibility’ is confirmed here mechanically by AFM, and at the 
wavelength of the SEM, but should be examined at optical wavelengths too. 
Mica annealed at 400°C showed the formation of potassium carbonate particles 
following dehydroxylation of the mica surface at a temperature lower than previously 
reported. In addition, the graphene appeared to act as a mask, protecting the mica 
underneath it while the surrounding surface was removed at 500°C.  There is potential 
future work using graphene itself as a mask to etch and pattern mica.  If patterned 
graphene-on-mica can act as a physical mask, it may be an alternative way to achieve 
deeper etches in mica and should be investigated. 
 
 
